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ABSTRACT OF THE THESIS
PHYSICAL AND CHEMICAL CHARACTERIZATION OF CRUDE OIL-WATER
MIXTURES: UNDERSTANDING THE EFFECTS OF INTERFACIAL PROCESS TO
CHEMICAL BIOAVAILABILITY
by
Kathia Sandoval
Florida International University, 2016
Miami, Florida
Professor Piero R. Gardinali, Major Professor
This work detailed the physical and chemical characterization of oil water
mixtures prepared using fresh and weathered Macondo related oils under different
conditions of mixing energy/time and in the presence/absence of chemical dispersants.
The results indicated that WAFs produced consistent, droplet free solutions for both
source and weathered oils with concentration ranges that represented the soluble
components of the oil used. Chemically enhanced WAFs prepared with the source oil
generated a large amount of micron-size droplets; however the viscosity of the weathered
oils were a limiting factor for the preparation of CEWAFs with weathered oils. Droplet
size distributions were influenced by the amount of energy in the system and the oil
weathering stage, when high energy WAFs were made the increase in weathering of the
oil resulted in the formation of smaller droplets that were more stable over time.
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1.1

Introduction

Crude oil in the environment
Oil is a natural product that is undoubtedly one of the most complex

environmental mixtures known to man (Marshall and Rodgers, 2004). Oil is generated
through diagenesis of its source organic matter resulting on a final product composed of a
myriad of relatively non-polar components with great diversity of structures,
functionalities and chemical properties such as volatility, solubility and polarity (Tissot
and Welte, 1984). Over a million metric tons of crude oil are released into the marine
environment annually from accidental oil spills, industrial/municipal sources, marine
transport and natural oil seeps (Radovic et al., 2014). Oil released into the sea will
produce heterogeneous and diversified mixtures of dissolved hydrocarbon constituents
and undissolved oil residues such as oil droplets with different physical/chemical
properties which can be affected by a wide range of environmental factors. Thus, oil is
not only a complex system but also a dynamic one that is not at equilibrium with the
surrounding environment.
1.1.1

Deepwater Horizon oil spill in the Gulf of Mexico
The Deepwater Horizon (DWH) incident in the northern Gulf of Mexico (GOM)

deemed as the second largest global oil spill in history, resulted in the release of large
quantities of Southern Louisiana light sweet crude oil as an oil-gas mixture from the
Macondo MC-252 (Mississippi Canyon-Lease block 252) well at a depth of 1500 m
(Reddy et al., 2012; Ryerson et al., 2012). Several sources have reported an estimate
release of approximately 4.9 million barrels of oil (Spier et al., 2013; Thibodeaux et al.,
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2011). Mixing of the oil and water resulted in a heterogeneous mixture consisting of
dissolved, dispersed and solid oil components. During response efforts, the chemical
dispersants, Corexit® EC9500a and to a lesser extent Corexit® EC9700a, were applied on
the surface and in the subsurface at the wellhead, in order to promote the formation of
small oil droplets that could be subject to enhanced dissolution and biodegradation in the
water column in order to prevent large amounts of oil from reaching the shorelines (Li et
al., 2011).
1.2

Oil droplet formation
During a surface oil spill event, droplet formation occurs as a result of the

mechanical or chemical break–up of an oil slick into small droplets dispersed into the
water column. Natural oil dispersion is mainly influenced by mechanical processes which
are governed by physical factors such as wind, currents and wave action (Zhong and You,
2011). Chemically enhanced dispersions make use of chemical dispersants to lower the
oil-water interfacial tension by orienting the interaction of hydrophilic groups with the
water phase and hydrophobic groups with the oil so that formation of small oil droplets
require less energy input (NRC, 2005). The characteristics of the oil droplets such as size
distribution, density, and composition depend on key parameters such as the physical and
chemical properties of the oil, use of chemical dispersants, the turbulent energy at the
release point, and the water temperature and pressure at the release location (Delvigne,
1987). For instance, Trudel et al. (2010) showed that the viscosity of oil influences the
chemical dispersant effectiveness and droplet formation as less viscous oil produced very
small droplets (range of 8-37 µm) while more viscous oils produced larger droplets (6073 µm).
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In a deep-water scenario such as the one that occurred during the DWH oil spill,
the presence of gas in underwater oil releases will break up into a mixture of gas bubbles
and oil droplets of various sizes. Initially, a mixture of plume fluid driven by the plume
dynamics containing all phases (oil, gas, water and hydrates) will cluster together and
move in unity (Yapa et al., 2012). However, after settling of the plume dynamics the
movement of each phase will be driven by their own buoyant velocity. Since gases are
lighter than oil and water, they will travel faster to the surface and dissociate or dissolve
in the water column much quicker while oil droplets which are denser will rise towards
the surface at a rate that is dependent on their size, density and the conditions of the
seawater. Large droplets are expected to reach the surface fairly quickly while smaller
oil droplets may stay in the water column for extended periods of time before reaching
the surface (Atlas and Hazen, 2011; Baelum et al., 2012; Hazen et al., 2010).
1.2.1

Implication of oil droplets
The formation of oil droplets is particularly important because oil droplet sizes

will influence the transport of oil, the oil dissolution and the oil mass. For instance, Yapa
et al. (2012) described the trajectory of droplets of different sizes using a model with
parameters similar to the deepwater oil release which occurred in the GOM as shown in
Figure 1. The larger droplets with diameters of 5 to 6 mm go up the surface fairly quickly
within a couple of hours while sub-micron size droplets take much longer time to go up
the surface and droplets which are smaller than 100 µm are most likely to become
buoyant and be subject to lateral transport across the water column by currents.
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5-6 mm

0.4
0.3
0.2
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Figure 1: Output model of the trajectory of different droplet sizes from a
deepwater oil release reported in (Yapa et al., 2012).
Small oil droplets have an increased surface to volume ratio which results in the
rapid dissolution of highly soluble oil components into the water column. For example,
measurements of the water column during the DWH oil spill for benzene, a highly water
soluble oil compound, showed a systematic elevated concentration (0.4-21.7 µg/L) at a
depth of 1,100 m and no detection at shallower depths than 1,000 m (Reddy et al., 2012).
In addition, oil droplet sizes will influence the mass of the oil or bulk concentration
present in the water column as larger droplets indicate a larger volume of oil present in
comparison to smaller droplets. Chemical data from the DWH oil spill indicated that the
large depletion of heavier n-alkanes (mostly present in the particulate phase) relative to
toluene (highly soluble) demonstrated that little mass was transported into the deep
plumes in the form of suspended oil droplets (Ryerson et al., 2012).
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1.3

Crude oil composition
Crude oil is a complex mixture containing thousands of compounds from several

different chemical classes with a large variety in physicochemical properties (Boehm et
al., 1997). The chemical composition of crude oils is generally divided into four classes
of chemical groups on the basis of their characteristics. These include saturated
hydrocarbons, aromatics, resins and asphaltenes. The saturated hydrocarbons are
compounds such as straight-chain/branched alkanes (octane, pristine), paraffins
(methane, propane), and cycloalkanes (naphtenes). These are the simplest hydrocarbon
compounds and lightest fraction of the crude oil. Aromatics hydrocarbons can be either
mono, di or polycyclic such as benzene, naphthalene and fluorene. Resins are highly
polar compounds that contain heteroatoms (oxygen, sulfur or nitrogen) such as
quinolones or naphthenic acids and they are soluble in light alkanes but insoluble in
aromatic solvents, while asphaltenes are similar to resins but are higher in molecular
weight, their structures are highly complex and they precipitate in light alkanes and are
soluble in aromatic solvents (Speight, 2004).
Crude oils are further classified as either light, medium and/or heavy depending
on their density in relation to their specific gravity value (NRC, 2005). Their density is
apportioned to the concentrations of the different components in the oil. Oils which are
light will mostly contain saturated hydrocarbons and lower molecular weight aromatics,
while medium and heavy oils will contain a large portion of aromatics, resins and
asphaltenes. In addition, crude oils that contain a high sulfur content (more than 1%
sulfur by weight) are considered ‘sour’, while those that contain lower than 1% sulfur
content are considered ‘sweet’ (Lyons and Plisga, 2011).
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1.3.1

Oil weathering
From the moment crude oil is removed from its original reservoir or as it is

released into the environment its physical and chemical composition changes
dramatically as the result of complex interactions with environmental compartments and
their interfaces (Neff, 1988). The change in composition is termed “oil weathering” and
some of the most important weathering processes consist of evaporation, dissolution,
emulsification, and photo-oxidation (Yim et al., 2011). Evaporation involves the loss of
lower molecular weight volatile components of the oil mixture into the air. Dissolution
partitions the soluble and sparingly soluble components of the oil into the water column
until equilibrium between the aqueous and oil phase or saturation is reached.
Photochemical reactions occur as a result of photooxidation of the chemicals in the oil
with sunlight exposure to generate oxygenated reaction products (Farrington, 2014).
These processes often lead to significant changes in the physicochemical properties of the
oil, especially in the viscosity of the oil and are important to consider because of their
implication in the fate and transport of the spilled oil (Zhong and You, 2011).
1.4

Exposure media used for toxicity test
Toxicology testing is one of the primary tools used to assess the impacts of an oil

spill on the marine ecosystem. Bench-scale acute toxicity tests are often utilized to study
the effects of dispersed oil and consist of exposing an organism to dispersed oil
preparations that are prepared under controlled laboratory conditions (NRC, 2005).
There are many parameters that could influence the toxicity test and need to be carefully
examined. Some of these parameters consist of the following: (1) The state of the oil such
as whether is fresh or weathered, and the degree of weathering; (2) The preparation
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method of the exposure media used to expose organisms; (3) The exposure settings such
the choice of test chambers, static or continuous exposure, test duration, temperature and
salinity and (4) the choice of response parameters (NRC, 2005). Additionally, it is
important for the concentrations of the oil components to which the test organisms are
expose to be environmentally realistic, thus the methodology used for exposure media
preparation is critical as changes to the mixing energy or even the oil loading can
drastically affect the concentrations of the oil components.
The Chemical Response to Oil Spills Environmental Research Forum
(CROSERF) developed and standardized methods for the preparation of exposure media
used for toxicity test that would allow for better comparability of toxicology data. These
methods reported by Singer et al. (2000) consist of the water accommodated fractions
(WAFs) produced at low mixing energies and the chemically enhanced water
accommodated fractions (CEWAFs) created by using chemical dispersants. The first
usually represents the water soluble components of an oil-water mixture while the latter
is used as a representation of a combined mixture of both WAF and oil droplets. Recently,
new preparation of standardized exposure media containing entrained oil in the absence
of chemical dispersants have been reported in the literature and their description varies
from oil-water dispersions (OWDs) prepared with a pressurized fluid injection generator
(Nordtug et al., 2011a) to high-energy water accommodated fractions (HEWAFs) created
by manual or mechanical mixing (Carls et al., 2008; Echols et al., 2015).
1.5

Oil toxicity
The toxicity of oil has long been attributed to its soluble components because they

are more bioavailable to the organisms (Anderson, 1985; Anderson et al., 1987) and their
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toxic contribution depend on the composition of the oil as it will influence the
concentration of dissolved phase hydrocarbons (Redman et al., 2012a). Predictive models
accounting for the wide range of toxicity of petroleum hydrocarbons based on the
narcosis target lipid model (NTLM) have been developed and validated (Di Toro and
McGrath, 2000; French-McCay, 2002; McGrath and Di Toro, 2009; Redman et al.,
2012b). The NTLM predicts the toxicity of a group of compounds that exert the same
toxic mode of action (narcosis) and uses the inverse relationship observed between the
lethal concentration to 50 % of the organisms (LC50) and the octanol-water portioning
coefficient (Kow) (McGrath et al., 2005). In general, the low molecular weight mono
aromatic hydrocarbons and the 2-3 ring parent and alkyl-PAHs dominate the toxicity of
oil and their weighed contribution can be predicted using the toxic unit (TU) approach
(Di Toro and McGrath, 2000; Landrum et al., 2003). Under this concept, the
concentrations of soluble oil components are estimated using Raoult’s Law which states
that the aqueous solubility concentration of a compound in the oil is equal to the aqueous
solubility of the pure liquid multiplied by its mole fraction in the oil (Di Toro et al., 2007).
Thus, the maximum toxicity a chemical can exert depends on its maximum aqueous
concentration. Because of this, most of the toxicology tests focus mainly on the dissolved
oil components. However, it is important to differentiate the uptake of the oil between the
dissolved and oil droplet phase as toxic effects could be induced from a combination of
several modes of exposure.
Oil droplets can induce toxicity to marine organisms by both physical and
chemical processes (Ramachandran et al., 2006; Ramachandran et al., 2004a; Viaene et
al., 2014). They could act as physical stressors through oil coating or be ingested as food
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which could cause blockage in the gut. They could provide a delivery mechanism for
toxic compounds into the dissolved phase (monoaromatics and PAHs) and also interact
with biological surfaces and thus enhance bioavailability. For instances, many studies
have found an increase in toxicity for exposure media preparations consisting of
CEWAFs or OWDs which contained droplets in comparison to WAFs because of higher
concentration of bioavailable (dissolved and colloidal) PAHs in the dispersions
(Couillard et al., 2005; González-Doncel et al., 2008; Ramachandran et al., 2004a).
Contact with the oil droplets can lead to partition directly into the organism’s lipid-rich
tissues such as fish eggs and gills as those are natural absorbents for lipophilic PAHs and
can be bioaccumulated (Ramachandran et al., 2004b). Other studies have suggested that
the main effect from oil droplets is an additional input of dissolved hydrocarbons into the
exposure media (Redman, 2015).
1.6

Characterization of oil water mixtures
Very few studies have shown a comprehensive physical characterization of the

particulate oil in the test media and the methods used for this purpose often lack of
standardization (microscopy) (Incardona et al., 2013) , do not have enough selectivity
towards oil droplets (Coulter Counter particle analyzer) (Hansen et al., 2009; Nordtug et
al., 2011a), are limited by the technology used (Laser In-Situ Scattering and
Transmissometry, LISST) (Conmy et al., 2014; Li et al., 2011; Li et al., 2009; Trudel et
al., 2010) or conducted after the fact by complex solubility calculations once the full
chemical characterization is completed (Redman et al., 2012a). All these limitations
prevent timely feedback on the evolution of the mixtures before, during and after the test
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which could be used to manage the longer periods of time required for chronic toxicity
testing (> 7 days).
Chemical characterization of the exposure media used to evaluate toxicity
endpoints consist of measuring the total petroleum hydrocarbon content (TPH) by
summing the concentrations of C10-C36 hydrocarbons analyzed by gas chromatography
with flame ionization detection (GC-FID) (Singer et al., 2000). In other cases, parent and
alkylated PAHs are analyzed by gas chromatography-mass spectrometry (GC-MS) and
often reported as the concentration of total polycyclic hydrocarbons (TPAH) from the
analysis of typically 40-50 target compounds (Barron and Ka’aihue, 2003). Expressing
toxicity in term of TPH or TPAH without providing detailed information on the
composition of the mixture or the concentrations of individual components has not only
affected toxicity interpretations but it has also made cross-comparison in toxicology
studies extremely challenging (Bejarano et al., 2014).
Furthermore, oil toxicity test exposures that report measured concentrations of
individual components as a combination of both dissolved and droplet form may lead to
overestimation for the potential of the solution to cause chemical toxicity (Redman,
2015). Thus, it is important to take into account the presence of entrained oil droplets in
an exposure scenario as it may introduce confounding physical and chemical factors that
need to be separated from those related exclusively to the dissolved compounds.
Therefore, in order to properly assess toxicity it is crucial to provide a comprehensive
chemical and physical characterization of the aqueous exposures used in laboratory
studies such as the measurement of individual PAHs, presence of oil droplets, and the
distribution of the individual components in the different phases of the mixture.
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1.7

Hypothesis

Droplet formation will be controlled by the mixing energy applied to the system and
droplet size distribution will be the most important factor in dispersion stability.
The physical and chemical composition of oil water mixtures will differ among oil type
and weathering degree.
The solubility of the dissolved components in the water soluble fractions (WSFs) of the
oil water mixtures will be governed by Raoult’s law.
1.8

Objectives

The overall objectives of this work are to determine how different parameters (loading,
oil type, energy of mixing and/or filtering conditions) used for the preparation of oil
water mixtures affect the composition of exposure media used for toxicological testing
and to describe the application of a new dosing system for the delivery of toxicants of
concern.
In order to accomplish this task, specific aims include:


Develop a set of combined tools to properly characterize the composition of
different oil water mixtures in real time.



Assess the formation and removal of droplets and their stability with time in
reference to toxicological testing conditions.



Investigate the difference in chemical composition between the dispersions, oil
droplets and WSFs.



Develop a dosing system to deliver dissolved components to aqueous media at
concentrations similar to the ones of a natural crude oil.
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2

Characterization and environmental relevance of oil water

preparations of fresh and weathered MC252 Macondo oils used in
toxicology testing
2.1

Introduction
Most of oil toxicity testing deals with exposing organisms to laboratory prepared

oil water mixtures using the standard protocols prepared by CROSERF and reported by
Singer et al. (2000) consisting mainly of water accommodated fractions (WAFs)
produced at low mixing energies and chemically enhanced water accommodated fractions
(CEWAFs) created by using chemical dispersants. Recently, new methods for the
preparation of high-energy water accommodated fractions (HEWAFs) which consist of
the formation of oil containing exposure media in the absence of chemical dispersants for
both source and weathered oils have been described (Brette et al., 2014; Brewton et al.,
2013; Incardona et al., 2013; Jung et al., 2013; Mager et al., 2014). These methods,
invariably involve turbulent mixing of oil in seawater followed by a settling period to
remove resurfacing oil droplets from the exposure media. The HEWAF preparations
using a commercial blender do provide the opportunity to create droplet-containing
exposure media with weathered oils that are not easily dispersible but its implementation
and application are highly dependent in its proper standardization and characterization
since most reports in the literature do not seem to reflect a single protocol with respect to
basic parameters such as mixing times or oil loadings as reflected by the oil to water
ratios (Brette et al., 2014; Incardona et al., 2013; Mager et al., 2014).
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Because the opportunities to assess environmental impacts in the field during an
incident are very limited, the assessment of potential effects during an oil spill are
predominantly subject to our ability to generate exposure conditions that mimic those
existing at the test site in a controlled laboratory setting (Bejarano et al., 2014). The basis
of assessing an effect relies on the ability to fully understand the identity of the material
components (what), the dose (how much), the duration (how long) and the route, pathway
or mechanism by which exposure occurs. These conditions should also be relevant to a
particular organism or biological resource, representative of a time and location during
the event and predictive enough so it could be extrapolated to larger areas where
information data gaps exist.
Even though extensive reviews of the toxicological assessment of oil have been
conducted over the last two decades (Aurand and Coelho, 2005; Barron and Ka’aihue,
2003; Singer et al., 2000) discrepancies in the use of the methodologies and its
interpretations still exists today (Bejarano et al., 2014; Coelho et al., 2013) and that is
mostly the result of the lack of comprehensive characterization of the exposure media.
For example, droplet formation, size distributions and densities are rarely considered
relevant factors during toxicological testing of crude oils. However, droplet formation is
an important process that occurs during oil spills. The limited reports on the potential
effects of droplets, present in mechanically or chemically driven oil water dispersions
range from apportioning all the observed effects to water soluble components (Carls et al.,
2008; Viaene et al., 2014) to minor effects shown at very high droplet concentrations
(Nordtug et al., 2015) to size-dependent droplet derived effects (Bobra et al., 1989) and
increased PAH bioavailability from CEWAFs (Ramachandran et al., 2004a). Clearly, it is
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important to account for oil droplets when assessing oil toxicity. Empirical data on the
droplet size distribution (DSD) in the GOM water column during the DWH event were
very limited and only estimates of approximately 20 µm (less than 70µm) have been
reported (Li et al., 2011). With this limited information, addressing a target droplet size
when assessing the effects of entrained oil during toxicity testing is an estimate at best.
In the present study we describe, compare and contrast traditional (WAF and
CEWAF) and recently described (HEWAF, SHEWAF, and OWD) batch preparation
methods of exposure media produced with Macondo related oils (source and naturally
weathered) with respect to their chemical composition, the physical characterization of
oil droplets, their stability over timescales relevant to common short-term toxicity testing
and their environmental relevance with respect to water column data collected from the
GOM during the DWH incident. This work is aimed to emphasize the advantages of a
systematic and comprehensive physical and chemical characterization of exposure media
to assess the potential shortcomings in their use for the assessment of biological effects.
2.2
2.2.1

Experimental
Oil type and dispersant
Three field-collected oils from the DWH response effort were used to prepare the

treatments. These oils include (1) unweathered MC252 oil collected on August 15, 2010
from the Oil Barge Massachusetts (referred to herein as MASS); (2) slick A collected by
skimmers from the GOM on July 19, 2010 from the cargo hold of barge number
CTC02404 (referred to herein as CTC); and (3) slick B collected by skimmers on July 29,
2010 by the USCG Juniper (referred to herein as Juniper).
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Despite the different

collection dates and likely as a result of the final location and environmental exposure of
the slicks, the classification of the test oils in weathering order is MASS, a relatively
fresh Macondo oil subject only to limited dissolution in the water column, followed by
CTC with an overall depletion of PAHs (Bragg et al., 1994) with respect to the
recalcitrant oil biomarker (30-hopane) of 65% and finally Juniper with an overall PAH
depletion of 83% (BP, 2014). The composition of CTC oil is consistent with floating
slicks while Juniper is more representative of the Macondo oil that reached the shoreline
during the DWH incident. Dispersant-type Corexit® EC9500a (Nalco Inc., Sugarland,
TX) was used to disperse the oils for the CEWAF treatments. Artificial filtered saltwater
(pore size: 0.45µm, salinity=33ppt) prepared with Instant Ocean® (Aquarium Systems,
Mentor, OH) was used to prepare all the treatments.
2.2.2

Preparation of water accommodated fractions (WAFs) and chemically
enhanced water accommodated fractions (CEWAFs)
The WAFs and CEWAFs were prepared using the standardized CROSERF

protocol described by Singer et al., (2000). The treatments were prepared in 2 liter glass
aspirator bottles with 20% headspace by volume and covered with aluminum foil. Crude
oil (MASS) was added onto the premeasured dilution water with a gas-tight syringe,
while the more viscous oils (CTC and Juniper) were delivered by weight. The WAFs
were prepared at nominal concentrations of 1 g oil/L and allowed to mix for 24 hours
using a 2 inch stirring bar and a Corning 10x10 digital stirring plate (Fisher Scientific,
NJ) operated at low speed (100 rpm) in order to saturate the solutions with all the watersoluble components and avoid the inclusion of particulate oil (no vortex mixing).
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The CEWAFs were made at the same oil loadings as the WAFs but with addition
of dispersant to the surface of the oil-water interface using a 100 mg glass syringe to
achieve a 1:20 dispersant-to-oil ratio. The CEWAF preparations were allowed to mix for
18 hours at the same speeds (100 rpm) and were allowed to settle for 6 hours in order for
the larger oil droplets to resurface so the solution can be more homogeneous. After the
end of the preparation period, the samples were collected from the bottom of the glass
aspirator (to avoid collecting insoluble material at the water surface).
2.2.3

Preparation of high energy water accommodated fractions (HEWAFs) and
super high energy water accommodated fractions (SHEWAFs)
The HEWAFs and SHEWAFs were prepared using a new protocol proposed by

the National Oceanic and Atmospheric Administration (NOAA) and described for the
first time in the literature by Incardona et al. (2013). Artificial filtered saltwater (volume
of 3.5 liters) was placed inside a Waring CB15 commercial food blender (Torrington, CT)
followed by delivery of the oil to achieve the desired loadings. The source oil was
measured and delivered using a pre-cleaned gastight syringe onto the surface of the water
inside the blender and covered with a custom made Teflon lid placed inside the blender
that prevented splashing of the oil mixture into the plastic cap provided with the unit.
Preparations requiring CTC and Juniper oils were made by measuring a known quantity
of the corresponding weathered oil on an aluminum weighing boat and delivering the
appropriate amount by weigh difference. HEWAFs preparations with the three oils were
prepared at nominal concentrations of 1 g oil/L and blended for 30 seconds at the lowest
speed setting (LOW) (~ 15000 rpm).
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Separate treatments of the weathered oils were made at varying nominal loadings with
the same speed as HEWAFs or by increasing the mixing time to up to 2 minutes. In order
to explore the effects of increased energy the preparations created with longer mixing
times were defined as SHEWAFs. After preparation, the high-energy dispersions were
immediately transferred into two (2L) separatory funnels and allowed to settle for 1 hour
before collection.
2.2.4

Preparation of oil water dispersions (OWDs)
Mechanically created OWDs followed the pressurized fluid injection method

described by Nordtug et al. (2011a). The generator consisted of a series of chambers with
connecting nozzles which is capable of producing dispersions of consistent DSDs using
turbulent flow mixing. Filtered saltwater was fed to the droplet generator at a designated
constant flow using an FMI valveless metering pump Model QV fitted with an Stroke
Rate Control Unit Model V300 (Fluid metering Inc., Syosset NY, USA). Crude oil
(MASS) was added through an inlet capillary into the generator through a syringe needle
using a Nexus 6000 high pressure syringe pump (Chemyx, Stafford TX, USA) fitted with
a 10 ml gas-tight syringe. The generator was operated at a flow rate of 142 ml/min for
saltwater in order to produce approximately 10 µm median droplet sizes on volume
dispersions. The oil loading was set at 10 µl/min to produce a theoretical oil mass
concentration of approximately 60 mg/L assuming an oil density of 0.833 g/ml. To study
the effect of dilution of exposure media on droplet size and exposure concentration, a
stock dispersion (60 mg/L) was diluted with artificial saltwater to prepare 20, 15, 5 and 2
mg/L dispersions.
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2.2.5

Sample collection
For the WAF, CEWAF, HEWAF and SHEWAF treatments, samples were

sequentially collected at 24 hour intervals during a 96 hour period representative of a
typical duration of an acute toxicity testing study. All the treatments were prepared as sets
of replicates. For all treatments with the exception of the WAF preparations, two sets of
samples were collected for each preparation: a) the original unfiltered dispersion and b) a
sample representative of the water soluble fraction (WSF) created by filtering the
dispersions containing droplets under little or no negative pressure to prevent loss of
volatile compounds using a 4-liter Kontes Ultraware filtration apparatus (Fisher
Scientific, Waltham, MA) equipped with a combination of GFD (5 µm pore size) and
GFF (0.7 µm pore size) glass microfiber filters in tandem (GE Healthcare, Pittsburg, PA).
To improve the retention of droplets and prevent them from reaching the filters, the 1liter filtering holders were packed with about 3 centimeters of Pyrex 3950 fine glass wool
(Corning Inc., Corning, NY).
2.2.6

Droplet characterization using Epi-Fluorescence microscopy
Samples collected at each time interval were immediately assessed for the

presence or absence of droplets using an IX71 Epi-fluorescence inverted microscope
(Olympus, Center Valley, PA, U.S.A) fitted with UV epi-fluorescence illumination, a
computer-controlled motorized stage (OptiScan, Victoria, Australia), a joystick (Prior
Scientific, Rockland, MA, USA), a DP72 digital camera (Olympus, Center Valley, PA,
U.S.A) and an advance image analysis software CellSens (Olympus, Center Valley, PA,
U.S.A). The UV epi-fluorescence illumination consisted of a band pass excitation filter of
330-385 nm, reflection short filter of 400 nm and long pass suppression filter of 420 nm.
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The microscope was initially calibrated with a stage micrometer (0.1 mm divisions) and
the calibration was verified by measuring a series of 6 polystyrene latex beads standards
(Polyscience, Inc., Washington, PA, USA) which fluoresced in the blue-violet region of
the spectrum (330-385 nm) with nominal average sizes of 0.97, 2.12, 4.50, 5.40, 6.90 and
10.0 µm.
Sample preparation for the analysis consisted of depositing a small volume (5 µL)
of sample on a glass slide containing two 3 cm chambers with depth of 20 µm (Cell-VU
DRM-600, Millennium Sciences, New York, NY, USA) and covering the slide with a
standard cover slip. The samples were analyzed immediately following collection in
order to maintain the integrity of the droplets. For each sample, a total of 15 fluorescence
images were captured. The field of view of each image consisted of a size of 874 µm x
658 µm. Each field of view was selected systematically by moving the microscope slide
in two dimensions (positions controlled by motorized stage and joystick) to ensure that
no overlapping of fields occurred. The combined frames were statistically representative
of the total area surrounding the sample solution in the cover slip. The 15 images were
processed in a sequence using the CellSens software and the number and diameter (µm)
of the droplets were counted and measured and the results were combined. The smallest
possible particle dimension detected was 0.64 µm.
2.2.7

Droplet size distribution (DSD) analysis using a particle size analyzer
(Coulter Counter)
Droplet size distribution in terms of volume was measured using a Coulter

Counter Multisizer 4 (Beckman–Coulter Inc., Miami, Florida). For these experiments,
two apertures were utilized with sizes of 30 µm and 100 µm in order to allow particle
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sizing and counting within the range of 0.6-18 µm and 2-60 µm, respectively. The
apertures were initially calibrated with a suspended solution of microsphere standards
following the manufacture’s recommendations. For all the experiments, 0.2 µm filtered
artificial saltwater (salinity=33ppt) was used as the electrolyte solution and as a blank
control.
Samples were run in triplicate in volumetric mode in order to perform particle
concentration analysis. Measurements were made in real-time directly from the freshly
prepared sample. To avoid blockage of the aperture, samples that contained high
concentration of droplets were pre-diluted by slow addition of electrolyte solution to a
predetermined volume of sample in a 20 mL Accuvette vial. Throughout the analysis,
background counts of the electrolyte solution were acquired between samples to ensure
the system was not cross-contaminated. The background counts for blanks were
significantly low (<0.01%) and were not used to correct the particle size distribution data.
Given that all the oil droplets within a treatment prepared with a designated oil
had the same oil density, ρ (g/cm3), the total volume of dispersed oil droplets (µm3/ml)
obtained from the Multisizer 4 software was used to produce a semi-quantitative
estimation of oil droplet concentration by applying the following formula:
Oil droplet concentration (µg/ml) = (V µm3/ml)( ρ /106)

(1)

where the factor 106 is needed to convert the units of density ρ from g/cm3 to µg/µm3,
and to maintain the units of concentration in terms of ppm (µg/ml).
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2.2.8

Characterization method for dissolved and entrained oil components in the
oil water treatments by Fluorescence excitation emission matrix spectroscopy
(EEMs)
The specific fluorescence of organic compounds in crude oil allows the use of

excitation-emission matrix spectroscopy (EEMs) to monitor both dissolved and entrained
oil components directly from oil/water samples without any further sample manipulation.
The

fluorescence

measurements

were

made

on

a

Fluoromax

4

scanning

spectrofluorometer (Horiba Jobin Yvon Inc). The excitation and emission slits were both
set to 5 nm. A series of automatic emission scans (300-700 nm) were performed over
excitation wavelengths ranging from 250-550 nm at 5 nm increments. Contour plots of
the EEMs were generated by exporting the data into an Excel spreadsheet to be plotted in
Sigmaplot12 (Systat Software, U.S.A). A Quinine sulfate standard was initially used to
check the instrument performance and excitation/emission calibration checks were
performed daily. Two regions in the spectrum were used to assess dissolved components
(λex=280 nm/λem=335 nm) versus components in particulate form (λex=345nm/λem=440
nm).
2.2.9

Chemical characterization: Total petroleum hydrocarbons by Fluorescence
spectroscopy (TPHF)
Fluorescence spectroscopy was used to calculate total petroleum hydrocarbon

concentrations as total oil-related hydrocarbons are correlated to the total fluorescence
associated with aromatic compounds in the original test material. The extracts were
analyzed in a Horiba Yobin fluoromax-4 scanning spectrofluorometer by measuring the
fluorescence intensity at ex= 315 nm/em=415 nm corresponding to the fluorescence
maximum of a Macondo crude oil standard. A linear regression was generated by plotting
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the fluorescence response of solutions of the crude oil standard dissolved in
dichloromethane (DCM) in a concentration range from 0.5-50 ppm. Sample dilutions
were applied as needed to bring concentrations within the calibrated range. Calculated oil
concentration was corrected for volume of sample extract. The method accuracy was
assessed by analyzing an oil standard spike that was process with each extraction batch
and the recoveries of the extracts were between 85-115%. The statistical method
detection limit (MDL) was calculated to be 3.4 µg/L (ppb). The MDL was determined by
multiplying the appropriate one sided 99% t-statistic by the standard deviation obtained
from the analysis of seven oil standard spike sample extracts.
2.2.10 Chemical characterization: Extraction method
Samples collected for chemical characterization underwent liquid-liquid
extraction (LLE) in order to perform quantitation of parent and alkyl PAHs (PAH50) by
GC-MS analysis and TPHF analysis (described in section 2.2.9) from each individual
treatment at time 0, 24, 48 and 96 hours in order to evaluate the decay of overall droplet
and oil concentrations and to assess changes in the fine chemical composition with time.
Water samples (200-300 mL) were processed by using a separatory funnel equipped with
a Teflon cap and a stopper. For the PAH extraction, all the samples were amended with
PAH surrogate standards (d8-naphthalene, d10-acetanaphene, d10-phenanthrene, and
d12-perylene) and extracted three times using 50 mL of DCM. The walls of the glass
bottles containing the sample were rinsed with DCM to assure the transfer of all the
analytes into the separatory funnel. The organic layers were combined, dried using
combusted anhydrous granular sodium sulfate and collected in a 250 mL flat-bottom
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round flask. The extracts were evaporated to about 10 mL in a water bath at 56°C,
transferred to concentration tubes and concentrated down to 1 mL under a gentle stream
of clean nitrogen. PAH internal standards (d10-fluorene and d12-benzo(a)pyrene) were
added to the concentrated extracts before analysis in order to determine the recovery of
the surrogate standards. Water samples extracted for TPHF analysis were processed in a
similar way as PAHs without the addition of surrogates or internal standards (due to
interfere in the detection) and concentrated down to a final volume of 5 mL.
2.2.11 GC-MS analysis
Sample extracts were analyzed using a Thermo Scientific Ultra Trace TSQ
Quantum XLC gas chromatography-triple quadrupole mass spectrometry (GC-QqQMS)
fitted with a DB-5MS fused silica capillary column (30 m with 0.25 µm film thickness
and 0.25 mm I.D.). Detection of PAHs was done in electron impact mode (70 eV)
operated using selected ion monitoring (SIM) mode. The sample extracts (2 µl) were
injected into a 300 °C split/splitless injector operated in splitless mode. The helium flow
rate was held constant at 1.7 ml/min and the GC oven was programmed from 40 °C (1
min hold) at a rate of 7.5 °C /min to 295 °C (8 min hold).
2.3
2.3.1

Results and Discussion
Droplet characterization
The physical characterization of both unweathered MASS oil and one of the

weathered oils (CTC) are shown in Figure 2 and 3, respectively. The results for both oils,
MASS and CTC, based on the microscope images show that droplets were not optically
detected in the low energy WAF preparations (Fig.2 and Fig.3, top). For the MASS oil,

23

with the exception of the low energy WAFs, all preparations for MASS oil contained
droplets within sizes ranging from 0.64-16 µm in diameter.

The only significant

differences among MASS preparations containing droplets is that the majority of droplets
in the CEWAF preparations were less than 2 µm, while most of the droplets formed in the
SHE/HEWAF preparations were larger than 2.5 µm (Fig.2, top).
In addition, based on the histograms obtained from the Coulter Counter analysis
which show the DSD in terms of volume (µm3 per mL of sample) it can be seen that there
is an increase in the material introduced into the water with increase in mixing energy
(CEWAF<HEWAF<SHEWAF, Fig.2, bottom). As a result of the low dispersibility of the
weathered or more viscous oils, the CEWAF preparations using CTC were not effective
and droplet formation was limited as shown in the microscope image (see Fig. 3, top). On
the other hand, high energy preparations successfully generated droplets with size
distributions centered at ~2.5 µm (Fig.3) and a general increase in the entrained oil with
increase of mixing time was observed.
Overall, the droplet sizes generated in all the preparations were smaller than the
size ranges reported or described by models as potentially present during the DWH
incident (10-50 µm) (Li et al., 2011; Yapa et al., 2012). However, the droplets formed in
these particular preparations are still important to study as droplets smaller than about 3
µm will remain suspended in the water column for extended periods of time and may be
associated to important environmental processes (McAuliffe et al., 1980; North et al.,
2011). Small droplets can further influence the stability and composition of the exposure
media used for toxicology testing.
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WAF

CEWAF

HEWAF

SHEWAF

Figure 2: Physical characterization of different treatments (water accomodated fractions (WAF), chemically enhanced water
accomodated fractions (CEWAF), high energy water accomodated fractions (HEWAF) and super high energy water accomodated
fractions (SHEWAF)) prepared with MASS oil, Epi-fluorescence microscope images (top) and Coulter Counter histograms
(bottom) measured at initial preparation time after settling.
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WAF

CEWAF

HEWAF

SHEWAF

Figure 3: Physical characterization of different treatments(water accomodated fractions (WAF), chemically enhanced water
accomodated fractions (CEWAF), high energy water accomodated fractions (HEWAF) and super high energy water accomodated
fractions (SHEWAF)) prepared with CTC oil, Epi-fluorescence microscope images (top) and Coulter Counter histograms (bottom)
measured at initial preparation time after settling.
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2.3.2

Physical characterization of dissolved versus droplet phase by Fluorescence
spectroscopy
The EEMs were acquired to monitor the dissolved and entrained oil components

directly from the oil-water preparations. An example of the EEMs expressed as contour
plots for a WAF and CEWAF preparation prepared with the MASS oil is shown in Figure
4. There is a clear difference between the preparation that contain the oil droplets
(CEWAF) and the one that is composed mainly of the dissolved components of the oil
(WAF). The addition of dispersant which resulted in the generation of small droplets
produced high fluorescence intensity signals over an emission range of 400-550 nm
throughout the range of excitation wavelengths. The WAF preparation exhibit a
fluorescence maxima intensity at λem=335 nm over an excitation range of 280-290 nm.
The CEWAF preparation also displayed the same fluorescence characteristic
though it is obstructed by the magnitude of the other fluorescence signals. These
observations are consistent with the results obtained by Bugden et al. (2008) who showed
that various crude oils dispersed with Corexit® EC9500a exhibit a large increase in
fluorescence intensity at λem= 445 nm and all the crude oils tested also exhibited an
emission signal at 340 nm over an excitation range of 280-300 nm. Furthermore, EEMs
for a chemical dispersion prepared with Macondo oil and Corexit®EC9500a also
displayed similar fluorescence signal patterns (Zhou et al., 2013). Bugden et al. (2008)
and others have attributed the emission peaks at 340 nm to be a characteristic of the more
water soluble low and medium molecular weight aromatics, while the emission peak at
445 nm is probably associated with the higher molecular weight (≥3-ring) aromatics.
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From the EEMs, it can be infer that the fluorescence signal observed at a
maximum λex= 280 nm/λem= 335 nm in the WAF and CEWAF preparations results from
the soluble components of the oil; while the signal observed at a maximum λex=345
nm/λem=440 nm is due to the presence of droplets generated by the addition of dispersant
in the CEWAF preparations. The data obtained from the contour plots show a simple way
to distinguish between dispersed oil (with droplets) and dissolved fractions (without
droplets), but do not provide a direct way to measure the specific aromatic components
within the area of fluorescence as factors such as physical (viscosity and optical density)
and chemical composition (concentration of fluorophores and quenching agents) can all
lead to a variation in emission wavelengths and intensity. However, the use of EEMs is a
rapid and cost-effective method to monitor chemically or mechanically dispersed oil in
seawater and to verify the presence of droplets in unprocessed and un-extracted water
samples.
The fluorescence of natural CDOM can interfere with the fluorescence of crude
oil components; however there are possible ways to distinguish the different signals.
Collecting fluorescence data over a wide range of ex/em wavelengths can help to
determine the contributing source of other fluorescence signals. For example, Zhou et al.
(2013) was able to identify four DOM fluorescence components by using PARAFAC
modeling from the EEM data collected from seawater samples from the GOM. The use of
modeling tools can further enhance the use of EEMs in order to characterize oil
components in seawater samples in real environmental settings.
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Figure 4: Fluorescence excitation emission matrix (EEM) spectra showed as contour
plots for the water accommodated fraction (WAF) (top) and the chemically enhanced
water accommodated fraction (CEWAF) (bottom) preparations using the source MASS
oil. The red diagonal lines across the EEMs correspond to the Rayleigh and Raman
scattering peaks.
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2.3.3

Effects of weathering on physical characteristics of the oil-water mixtures
The influence of oil weathering on droplet sizes was studied using only the high

energy preparations because they were capable of producing droplets for all materials
tested. As oil weathers, it loses its soluble components, gets stripped of volatile
components and is subject to biodegradation. Through all these processes it becomes
more viscous and thus the specific density of the oil increases significantly. The
weathering order for the oils tested is as followed: MASS (specific gravity of 0.84), CTC
(specific gravity of 0.98) and Juniper (specific gravity of 1.00).
The average volume median diameter (VMD) for the three oils for both
SHE/HEWAF preparations was plotted against the oils specific density and shown in
Figure 5. All treatments were generated with the same oil loading (1 g/L) and similar
settling conditions such that the only differences were the time of mixing (30 seconds for
HEWAF, 120 seconds for SHEWAF) and the test material itself. The results show that the
more weathered oils produced dispersions with significantly smaller droplet sizes than
the dispersions prepared with the source oil. In addition, droplet sizes were slightly larger
in the SHEWAF preparations as opposed to the HEWAF preparations suggesting that the
higher droplet density created in the SHEWAFs could be more conducive to coalescence.
Experiments conducted with Arabian crude oils at slower mixing speeds (~10000 rpm)
showed similar patterns with an increase in both droplet diameters and droplet count with
increase in mixing time (Less and Vilagines, 2013). That study also concluded that such
effects are dependent on crude oil type and oil viscosity.
These findings are important to take into account when high energy preparations
are used as the size of droplets will affect both the chemical composition and stability of
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the exposure media. The use of high energy of mixing does have the intrinsic advantage
of producing droplets from weathered oils that could not be dispersed under normal
conditions or with the addition of chemical dispersants, however, their use in
toxicological studies also brings to question whether the mixing energy used in these
SHEWAF/HEWAF preparations can be related to realistic wind and wave conditions in
open-ocean or shoreline scenarios.

4.5

SHEWAF(MASS)

Volume Median Diameter ( m)

HEWAF(MASS)
SHEWAF(CTC)

4.0

HEWAF(CTC)
SHEWAF(JUNIPER)
HEWAF(JUNIPER)

3.5

3.0

2.5

2.0

1.5
0.84

0.98

1

Specific gravity
Figure 5: Influence of oil weathering in terms of specific gravity (MASS=0.84,
CTC=0.98, and Juniper=1.00) on the volume median diameter (µm) of droplets measured
by Coulter Counter for the high energy preparations.
To date the effects of small oil droplets on overall toxicity to marine organisms is
not fully understood. Some studies have found that oil droplets can be ingested or coat
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body appendages, however, the bulk of the available literature suggest that the main
toxicological effects results primarily from exposure to the dissolved oil components
(Bejarano et al., 2014). However, without proper characterization of droplet sizes, the
stability of the droplets during the duration of the studies, and the chemical composition
of both the soluble and insoluble compounds present in the exposure media, the actual
toxic effects contributed by oil droplets cannot be fully described.
Franklin and Lloyd (1986) suggested that a relationship with droplet size and
toxicity of dispersant/oil mixtures is conceivable as a reduction in droplet size will lead
the organisms to come into contact with a greater surface area of oil in which toxic
components can diffuse. Alternatively, the formation of smaller droplets (resulting in
larger surface areas) will accelerate the dissolution of oil components but their final
concentrations is still dominated by their solubility (Franklin and Lloyd, 1986). Bobra et
al. (1989) suggested that larger droplet sizes do cause a decrease in toxicity but they also
stated that the relationship between droplet size and effects is difficult to establish.
In addition, the bioaccumulation of petroleum hydrocarbons in crustaceans has
been suggested to be dependent on the characteristics of oil dispersions specifically small
droplet sizes (Chase et al., 2013) but

modeling the contribution of droplets to

bioaccumulation of oil components also resulted in negligible changes when compared to
the accumulation from the dissolved phase components (Viaene et al., 2014). The result
of all these differing evidence clearly points out that a full physical and chemical
characterization of oil-water dispersions is needed on every study to isolate physical and
chemical effects when establishing potential links between the oil present in the exposure
media and the observed biological reposes.
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2.3.4

Effects of oil loading on droplet size for high energy preparations
Toxicity test results can be affected by multiple factors involving the parameters

used in the exposure media preparation. A key one is the initial oil loading; a starting
point is to have enough oil to reach the maximum possible concentration of the soluble
components, often called a functional equilibrium. Earlier fundamental work presented in
Singer et al. (2000) recognized that preparation of non-vortex WAFs at oil-to-water
loading ratios from as high as 1/100 (10 g/L) to 1/100,000 (10 mg/L) did not result in
significant differences in the GC/FID traces. In addition no insoluble material was present
as indicated by the absence of identifiable n-alkane signatures or fluorescence
microscopy (Singer et al., 2000). However, when higher mixing energies are used, the
exposure media tends to chemically reflect the composition of the entrained bulk oil.
While preparing SHEWAF/HEWAF dispersions with both fresh and weathered oils,
observations made in this study indicated that even at loadings of 1/1000 oil-to-water
ratio, a lot of the test material was left on the walls of the container. Because multiple
reports in the literature have suggested the use of different loadings when preparing high
energy mixtures (Incardona et al., 2014; Mager et al., 2014), an evaluation on the effects
of loading rates and sequential dilution on the physical and chemical properties of the
exposure media was conducted.
The results were similar for both SHEWAF/HEWAF preparations and more
pronounced in dispersions containing the weathered oils so a representative example of a
SHEWAF using CTC oil is shown in Figure 6. The first observation, presented on the top
graph in Figure 6 shows that droplet sizes changed significantly with oil loading showing
a twofold decrease in the average sizes when loadings decreased from 1000 ppm to 20
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ppm (2.53 to 1.07 m). In complete contrast, however, when a 1000 ppm dispersion is
sequentially diluted over the same concentration ranges the droplet size (VMD) remains
relatively constant (Average= 2.59m ± 5.2 %, range= 2.53 to 2.40 m).
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Figure 6: Volume median diameter (µm) measured by Coulter Counter for different
nominal oil loadings (top) and dilution series of a 1000 ppm stock solution (bottom) for
SHEWAFs prepared with CTC oil.
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Because potential discrepancies between the nominal loadings and the actual
concentrations could be significant, the data were re-plotted using the bulk oil
concentrations measured by both fluorescence spectroscopy (TPHF) and Coulter Counter.
Figure 7 shows the relationships between nominal and measured concentrations for the
SHEWAF preparations with CTC oil and the corresponding trends with droplet sizes. As
expected, a non-linear relationship exists between nominal loading and the measured
(TPHF) or inferred oil concentrations obtained from the Coulter Counter. This result
indicates that the excess oil in higher loading preparations is not introduced into the
dispersion and likely stays in the mixing container or the separatory funnels used for the
settling.
When the droplet size distributions are plotted against the measured, rather than
nominal values, the relationship between decreasing loadings and decreasing droplet
sizes becomes linear (r2>0.98) as shown by the two complementary but independent bulk
oil determinations, where TPHF measurements are shown in red and Coulter Counter
measurements are shown in blue (Fig.7, top). This behavior was observed for both
weathered oils tested in the high-energy preparations. These findings clearly indicate that
both the weathering stage and the initial oil loading do control the droplet size formation
in preparations that use extensive mixing to produce droplets. Because a change in
droplet size could alter the way oil interacts with specific receptors, full characterization
of these solutions are needed to eliminate hidden confounding factors influencing the
determination of effects.
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Figure 7: Relationship between nominal and measured concentrations (top) where TPHF
measurements are shown in red and Coulter Counter measurements are shown in blue for
SHEWAFs prepared with CTC oil and the corresponding trends with droplet sizes
(bottom) showing a linear dependency between decreasing measured loading
concentrations and particle size distributions.
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2.3.5

Dilution series of oil water dispersions (OWDs) prepared with MASS oil
The effect of dilution on droplet sizes and droplet concentrations were further

explored for OWDs prepared with MASS oil using the droplet generator method
described by Nordtug et al. (2011a) which allows the preparation of exposure media with
consistent droplet sizes and reproducible concentrations. The DSDs of the dilution series
obtained from the Coulter Counter analysis (Fig.8, top) show consistent size distributions
following a uniform distribution centered at a diameter size of 11.98 µm. These results
were consistent with previous experiments which generated droplets of similar sizes
using the droplet generator system (Nordtug et al., 2011a; Nordtug et al., 2011b). Unlike
the high energy preparations, the nominal concentrations of the dilution series and the
actual concentrations measured by both the Coulter Counter and the fluorescence method
were consistent (Fig.8, bottom).
Furthermore, the validity of both the Coulter Counter and fluorescence method for
the determination of the bulk oil concentration was demonstrated as the measured
concentrations obtained from both methods were consistent with the nominal loading
concentrations (r2>0.99). The Coulter Counter method proved to be a reliable method to
determine the bulk oil concentration based on dispersed oil droplets in real time with the
same accuracy as the fluorescence method which involved extensive wet chemistry. It
should be noted that measurements acquired with the Coulter Counter should be
performed immediately after sample collection as settling time can lead to resurfacing of
oil droplets. These results indicate that dilutions of exposure media do not affect the
physical composition of the exposure media for the OWDs and are consistent with the
results shown in the previous section.
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Figure 8: Droplet size distributions (based on volume) obtained from Coulter Counter
analysis for the dilution series of OWDs (2, 5, 15, 20, 60 mg/L, top). Comparison of oil
concentration measurements by Coulter Counter and total petroleum hydrocarbons by
fluorescence of the dilution series (bottom).
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2.3.6

Stability of different oil loading preparations with time
The last set of results describes the differences in dispersion composition with

respect to the test material and the mixing protocols at the start of an experiment. The
next section concentrates on their evolution during a typical 96 hour period relevant to
acute toxicity studies. Figure 9 shows the changes in the bulk composition of the
exposure media, expressed as the TPHF in mg/L, for the multiple loading series for the
SHEWAF preparations with the CTC oil described before, as a function of time. The
most apparent difference is observed in the 1000 ppm loading which showed an
exponential decrease in concentration in the first 24 hours with approximately 94% loss
in total petroleum concentration at which point steady state was reached.
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Figure 9: Stability of the SHEWAF preparations with CTC oil at different oil loadings
measured as TPHF over a 96 hour period.
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The stability of the dispersion improved as the oil loading decreased with an 87%,
27% and 5.1% loss of total petroleum concentration in the first 24 hours for the 340, 67,
18 mg/L oil loading, respectively. These results suggest that most of the variability in
concentration occurs in the first 24 hours as concentrations measured after 24 hours were
mostly consistent. The discrepancy in stability is most likely a result of the difference in
droplet size distribution, as smaller droplets are more stable and will remain in solution
for longer time. Higher oil loadings results in the introduction of more and larger droplets
which will coalescence to increase the fraction of dispersed oil that will resurface during
longer settling periods or while in a test chamber.
Droplet sizes would not only determine the introduction rate and permanence of
the bulk oil in the water column but will also dominate the chemical composition of the
exposure media. To date several publications have used the HEWAF preparations to
conduct toxicity (Incardona et al., 2013; Brewton et al., 2013; Incardona et al., 2014;
Mager et al., 2014). One commonality on all these reports is the use of the commercial
blender that allows the preparation of larger volumes of dispersions in a systematic
fashion using weathered oils; however, there are also significant differences in the
loadings (from not reported to 50 mg/L to 1 g/L), the preparation protocols (30 seconds
and 2 minute mixing times) and important differences in the times where samples were
taken for analysis with respect to their introduction to the testing containers (from
immediately after loading to the separatory funnel to 1 hour after settling). As shown, all
of these factors affect the composition of the exposure media.

40

2.3.7

Chemical characterization of exposure media preparations
The PAHs and alkyl PAHs were measured in all 1:1000 dispersions at initial

collection time after the appropriate settling time (T0) for all treatments with MASS,
CTC and Juniper oils and the results are shown in Figure 10 with the same concentration
scale to allow comparison among them. Because of the relatively higher abundance of the
2-ring aromatics (naphthalenes), they are shown in a separate area with an expanded scale
for the MASS and CTC oil, while the Juniper oil is shown at a scale that is 8 times
smaller. The WAFs are constituted entirely of soluble components and the differences
seen in the PAH chemistry are due to the weathering or the initial material, the
naphthalenes dominate the WAF compositions prepared with the MASS oil, while the
WAFs prepared with CTC and Juniper oil are composed mainly of the 3-ring PAHs
(fluorenes, dibenzothiophenes and phenenthrenes).
Based on the distributions of PAHs, the high-energy preparations resulted in
dispersions with elevated concentrations of entrained oil with characteristics that
resemble the original test material. For the MASS oil, SHEWAF and HEWAF
preparations introduced similar amounts of PAHs in the dispersions. However, for the
weathered oils an increase in energy resulted in an increase in the amount of PAHs (as
particulate oil) introduced in the dispersions. Both high-energy methods (for the MASS
oil) resulted in PAH concentrations that are four times higher than the CEWAF
preparation and 15 times higher than WAF preparation. The behavior of oils in the
CEWAF preparations were in accordance with their dispersability and the TPAH
concentrations reflected that. These findings corroborate the results obtained from the
physical characterization.
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Figure 10: PAH profiles and concentrations for MASS (left) CTC (middle) and JUNIPER (right) oils preparations at initial
collection time for all treatments (water accomodated fractions (WAF), chemically enhanced water accomodated fractions
(CEWAF), high energy water accomodated fractions (HEWAF) and super high energy water accomodated fractions (SHEWAF)).
Abbreviations for PAHs are described in appendix 1.
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2.3.8

Chemical stability of oil preparations with time
The stability of the different preparations for all oils was further examined over a

96 hour period relevant to an acute toxicity test. Stability was determined as TPAHs
losses over time. The concentrations of TPAHs for the WAF preparations were consistent
with the concentration of soluble components in the test material and stable over time for
the three oils, while high-energy preparations were highly dynamic and subject to
considerable oil resurfacing within few hours from initial preparation (Fig.11). Most of
the changes in chemical composition occurred during the first 24 hours after initial
preparation. Table 1 shows the % TPAHs losses during the first 24 hours for the different
treatments and oils. The WAF and CEWAF preparations were the most stable
preparations with less than 33% loss for all oils. On the other hand, in the case of the high
energy preparations up to 90% of the TPAHs were lost within the first 24 hours and the
dispersion stability was dependent on the test material weathering stage.
The increase in stability by increase in weathering stage for the high energy
preparations could be explained by the sizes of the droplets formed in the high-energy
treatments. Smaller droplets are known to be more stable and remain in solution;
therefore the TPAH concentrations were not as dynamic for the more weathered oil
(Juniper) which contained smaller droplets in comparison to the unweathered MASS oil.
The larger droplets formed in the SHE/HEWAF preparations for MASS and to a lesser
extent CTC oil most likely resurfaced fairly quickly and that is why an exponential decay
in TPAH is observed. These results also point out the need for high-energy dispersions to
be monitored carefully during the course of a study where recurrent renewals may be
needed at very short time intervals to maintain dosing consistency.
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Figure 11: Stability of WAF preparations (top) and HEWAF preparations (bottom)
measured as total polycyclic aromatic hydrocarbons (TPAH) concentrations over 96
hours for all oils, MASS= triangle, CTC= circle and Juniper= square. The inset shows an
expanded view for the Juniper oil due to the overall lower concentrations present in the
high energy preparation.
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Table 1: Percentage of TPAH loss at T24 compared to T0 (% TPAH losses) for all oils
and treatments.
Treatments
WAF
CEWAF
HEWAF
SHEWAF

2.3.9

Oils
CTC
5.63
32.4
86.6
89.9

MASS
6.26
26.0
90.0
90.4

JUNIPER
2.88
17.0
16.0
55.8

Effects of filtration for the preparation of water soluble fractions (WSFs)
Generally, toxicity testing of the dissolved fractions of oil have been based on

WAF preparations following the CROSERF low energy stirring protocol (Singer et al.,
2000) or WSFs generated by excluding oil droplets with the use of physical barriers
(Nordtug et al., 2011a). The initial characterization of the low energy WAFs showed that
low energy WAFs did produce droplet free solutions to the limit of optical detection.
However, the generation of droplet free WSFs is mainly dependent on the efficiency of
the filtration system. Complete physical characterization of WSFs used in toxicology
laboratory tests is uncommon and it is often uncertain whether the exposure media still
contain residuals of oil droplets. The WSFs were generated from the different
preparations via tandem filtration using the combination of a filter supplemented with
loose glass fibers to prevent much of the oil droplets from reaching the filters. The
presence of droplets in the WSFs was examined optically by Epi-Fluorescence
microscope images and fluorescence EEMs. Both techniques revealed that droplets were
successfully removed from all treatments; examples for MASS oil are shown in appendix
2.
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In addition, TPAH concentrations of the WSFs for the different preparations
were compared to those of the WAFs prepared from each test material. The results
showed that WSFs were within (100± 30) % relative to WAFs for the majority of the
treatments with the exception of CEWAFs for both weathered oils (Fig.12). The
significance of the 30% is related to the acceptance criterion for the analysis of sample
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Figure 12: Comparison of WSF to WAF for all treatments and oils. Solid black line
indicates 100% of WAF and dash black lines are ± 30% boundaries.
The TPAH and ∑Tricyclic PAH concentrations for all the 1:1000 WAF and
HEWAF-WSF preparations reported here were consistent with each other (Table 2). The
PAH concentrations for HEWAF-WSF were compared to values reported by Brette et al.
(2014) using the same oils and preparation methods and it was found that TPAH values
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of MASS oil were comparable (320 ± 61.0 µg/L vs. 303.3 ± 22.8 µg/L), but those from
weathered oils differ significantly. Reported values for TPAHs and ∑Tricyclic PAHs in
slick A (CTC) and Slick B (Juniper) were 3 times and 16 times higher than the
concentrations measured in this study, respectively. Chrysenes have a low solubility (log
Kow > 5.8) in water but are prevalent in the weathered oil and their detection in the
weathered oil WAFs described in Brette et al. (2014) is an indication of the presence of
residual oil droplets in the exposure media. High-energy preparations with the weathered
oils do generate droplets with average sizes in the range of 1-2 µm and some of them
could be smaller than the filter used to retain the oil droplets leading to the potential
presence of particulate oil in the WSFs. Both the presence of chrysene and elevated
amounts of ∑Tricyclic PAHs with respect to WAFs are evidence of the presence of oil
droplets in the test solutions. Faksness et al. (2015) showed that for reported TPAH
concentrations in WAFs for the same set of oils, the concentrations of the dissolved
fractions decreases as a function of increased weathering and are more consistent with the
results for the WSFs produced by the enhanced filtration process shown in this study.
Table 2: Average of TPAH concentrations and ∑tricyclic PAH concentrations in WAFs
and HEWAF-WSF for all oils.
WAF
a

Oil

TPAHs
(µg/L)

b

∑Tricyclic PAHs
(µg/L)

HEWAF-WSF
b
TPAHs
∑Tricyclic
(µg/L)
PAHs (µg/L)

a

MASS
298.8 ± 59.4
15.6 ± 2.64
320 ± 61.0
14.4 ± 0.49
CTC
26.5 ± 0.89
14.2 ± 0.56
23.5 ± 0.47
12.9 ± 0.13
JUNIPER
7.02 ± 0.16
5.11 ± 0.14
7.74 ± 0.25
5.32 ± 0.05
a
TPAHs data are the sum of 50 PAHs and consist of the mean ± standard deviation.
b
∑Tricyclic PAHs consist of 3-ring parent and alkylated PAHs dominating the
composition of WAFs of weathered oils (fluorenes, dibenzothiophenes and
phenanthrenes).
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2.3.10 Environmental relevance
The TPAH concentrations for all preparations for all the oils were compared to
the most extensive compilation (10,828 records) of chemical data publicly available (BP,
2014) from water samples that were collected in the Gulf of Mexico during the
Deepwater Horizon accident in 2010 and analyzed for a number of standardized
parameters (Fig. 13). Water column TPAH data are organized on a temporal basis and
expressed in a logarithmic scale. The TPAH concentrations for all the preparations
generated in this study are overlaid as colored circles representing the test materials
(green=MASS, blue=CTC, pink=Juniper) and distributed in boxes representing the
different preparations (WAF, CEWAF, HEWAF and SHEWAF).
The results show that the TPAH concentrations for all the preparations are above
the vast majority of values reported in the database for the GOM water column during
and after the Deepwater Horizon event with the exception of some samples collected
during the early stages of incident response most likely containing large amounts of
visible oil. The full strength preparations ranked above the 98th centile of all samples in
the database with the low energy WAF preparations made of the most weathered oil
(Juniper) having the lowest TPAH concentration at 6.95±0.16 µg/L (98.6th centile) and
the MASS oil SHEWAF producing the highest TPAH concentrations at 3155±708 µg/L
(99.9th centile). High-energy preparations in particular, introduced increasingly high
amounts of oil in particulate phase to the testing media compared to the traditional WAF
and CEWAF preparations (CTC WAF=25.7±0.9 µg/L; CTC CEWAF=73±37 µg/L; CTC
HEWAF=1387±207 µg/L and CTC SHEWAF= 1717±38 µg/L).
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Figure 13: Total PAH concentrations in field samples collected from the Gulf of Mexico over time (May 2010 to December 2010)
and TPAH concentrations for all treatments and oils in log scale.
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Figure 13 also includes a series of SHEWAF preparations using CTC oil at
different loadings in where the lowest nominal loading prepared (20 mg/L) is the only
high-energy preparation that produced TPAH concentrations similar to that of a CEWAF
preparation. At these loadings, however, average droplet sizes in the HEWAF
preparations are between 2 and 5 times smaller than those of the corresponding to the
CEWAF preparations and probably not representative of any environmental conditions
conducive to formation of droplets of weathered oil. The differences between
environmental samples and all preparations can be clearly seen in Figure 14 where the
scales have been transformed to linear and the PAHs are plotted as the sum of the 2-3
ring or 4-6 ring components. Water column data points are now presented as yellow and
cyan symbols, respectively. The graphs (Fig.14) do show the dominance of low
molecular weight PAHs (2-3 ring) in MASS oil preparations while dispersions prepared
with CTC oil using high energy do introduce larger amounts of 4-6 ring PAHs. Higher
concentrations of the 4-6 ring PAHs (dominated by chrysenes) are indicative of insoluble
material present in the test solutions. As shown in Figure 14 (right) SHE/HEWAF
preparations are 100-200 times more concentrated for MASS and CTC oils as compared
to the CEWAF preparations. In addition, the same pattern is observed for the ∑ 2-3 PAH
rings which show that high energy methods introduce much higher TPAH concentrations
in the test solutions with respect to the traditional WAF and CEWAF preparations (Fig.14,
left) and the patterns are clearly a reflection of increased presence of insoluble
components in the test material.
Several published studies have utilized the HEWAF methods and applied large
dilution factors in order to reach potential environmentally realistic exposure to PAH
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concentrations similar to water samples collected from the GOM (Brette et al., 2014;
Mager et al., 2014). Impaired cardiac responses on embryo-larval fish stages were found
at 0.2% CTC HEWAF dilutions (1.2 µg/L TPAH) and swimming performance changes
on juvenile Mahi-Mahi were reported for 2% CTC HEWAF dilutions (30 µg/L TPAH)
(Mager et al., 2014). In addition, specific dose-dependent effects in cardiac function were
reported for pelagic fish at exposures to CTC HEWAFs prepared at 1 or 2 mg/L oil
loading (3.4-13.8 µg/L PAH) (Incardona et al., 2014). These concentrations, including
the reported dilutions represent less than 450 of the 10,828 samples analyzed from the
GOM during the DWH response phase as reported in the largest publicly available
database. It will require dilutions of more than 1000 times for a Juniper low energy WAF
preparation and up to 48,000 times for a MASS low energy WAF preparation to reach the
50th centile of the TPAH concentrations reported in the database.
Furthermore, unless a detailed compound-specific analysis of the available
chemistry data is conducted to separate the roles of dissolved or particulate components
of the less soluble 3- and 4-ring PAHs, attributing specific effects to polycyclic aromatic
hydrocarbons as TPAHs or single components is extremely difficult. In addition, as
shown before special considerations have to be taken into account for the full
characterization of high-energy preparations as minor changes in preparation protocols
will greatly affect droplet distribution, stability and chemical composition of the exposure
media over time. And high energy preparations may not be reflective of any real
environmental conditions, predictive of effects of individual components and/or families
of components or reflective of a single mode of action.

51

WAF

HEWAF

CEWAF
MASS CTC Juniper

MASS

WAF

SHEWAF

CTC Juniper MASS CTC Juniper

500

Sum 4-6 Ring PAHs ( g/L)

Sum 2-3 Ring PAHs ( g/L)

4000

MASS CTC Juniper

3000

2000

1000

MASS CTC Juniper

HEWAF

CEWAF
MASS CTC Juniper

MASS CTC Juniper

SHEWAF
MASS CTC Juniper

400

300

200

100

0

May

Jul

Water column data (21 PAHs)
Massachusetts oil 1000ppm
CTC oil 1000ppm
Juniper oil 1000ppm
CTC 340ppm
CTC 67ppm
CTC 18ppm

Sep

Nov

May

Jan

Field Collection Date (2010)

Jul
Water column data (23 PAHs)
Massachusetts oil 1000ppm
CTC oil 1000ppm
Juniper oil 1000ppm
CTC 340ppm
CTC 67ppm
CTC 18ppm

Sep

Nov

Jan

Field Collection Date (2010)

Figure 14: Sum of the concentration of 2-3 ring PAHs (left) and sum of the concentration of 4-6 ring PAHs (right) for field
collected samples from the Gulf of Mexico and all the treatments prepared with all the oils in linear scale.

52

2.4

Conclusion
In this study, a detailed systematic physical and chemical characterization was

conducted for oil-water dispersions intended to be used as exposure media based on
reported methodology (Aurand and Coelho, 2005; Brette et al., 2014; Incardona et al.,
2014; Mager et al., 2014; Nordtug et al., 2011a; Singer et al., 2000) using discrete energy
levels and multiple Macondo-related oils at different weathering stages. These results
indicated that the traditional methods for preparation of exposure media (WAF and
CEWAF) were found to be more stable and representative of both dissolved components
and oil-water mixtures containing droplets, respectively. While, the new protocols
involving high mixing energy (HEWAF and SHEWAF) required additional
standardization and characterization steps as it was found that weathering stage and initial
oil loadings do control droplet size formation and chemical composition of the test
solutions. Because a well described protocol for SHEWAF/HEWAF preparations is still
not available beyond the physical and chemical characterization provided in this work, it
is of clear importance that toxicity test which utilized these particular protocols provide a
full characterization. Because a relationship between oil loading and droplet size was
found in the characterization of high-energy preparations and since the specific
contribution of oil droplets to toxicity is still not well understood, these findings point out
the importance of conducting a comprehensive physical and chemical characterization of
exposure media in support of toxicology test for results among studies to be fully
comparable.
This work also showed that water soluble fractions from the majority of the
preparations were physically and chemically similar to their corresponding WAFs with
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respect to their bulk chemical characterization and to the limit of the optical detection.
However, it is important to take into consideration when generating WSFs by filtration
that additional physical surfaces (like loosely pack glass wool) should be used to retain
the bulk of the insoluble material and filters with pores small enough to retain the small
droplets should be used to prevent potential breakthrough of the smaller range of the
insoluble particles often detected in the chemical analyses (Brette et al., 2014; Redman et
al., 2012a). Until a better characterization of the available DWH-GOM water column
individual-component chemistry data is produced the question of environmental
relevance and the pursuit of studies under more realistic conditions continues to be a
significant challenge and should be further explored.
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3

A novel delivery system for studying the dissolution of individual
and combined polycyclic aromatic hydrocarbons (PAHs) from
micron-size droplets

3.1

Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a group of compounds consisting

of two or more fused aromatic rings which make up a significant portion of the aromatic
compounds that are naturally found in petroleum sources (Kopecka-Pilarczyk and Correia,
2009). These PAHs are an important class of pollutants because of their ubiquity, toxic,
carcinogenic and mutagenic properties (Manzetti, 2012; Nisbet and Lagoy, 1992). One
way in which these petrogenic PAHs may enter the marine environment is either from
accidental oil spills or through natural oil seepage.

The characterization and

quantification of these pollutants are of great interest because of their persistence in the
aquatic environment and toxicity to aquatic organisms (Cachada et al., 2014).
Due to the low solubility of PAHs, most of them would be found in aquatic
environments in insoluble phases or in the form of solid particulates (Levinson et al.,
2005). For example, following an oil spill micron-size oil droplets may form naturally
through the action of breaking waves. These droplets, which contain a mixture of
different classes of hydrocarbons, may persist in the water column and increase the
surface-to-volume ratio of the oil and the rate of compounds partitioning from the
droplets into the water phase within their solubility limits (Ramachandran et al., 2004b).
Despite this fact, most of the aquatic studies focus mainly on the occurrence of
contaminants in the dissolved phase and there is a clear shortage of data on the
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distribution of these contaminants in the particulate phase of the water column
(Rabodonirina et al., 2015).
Even though it has been found that oil droplets are not the main contributors to
toxicity as much as the dissolved fraction, they may still exert toxicity to aquatic
organisms by a different toxic mode of action (Nordtug et al., 2015). For example,
ingestion of small oil droplets can be an additional route for uptake of oil components
(Viaene et al., 2014). Adsorption of droplets to membranes can interfere with functional
and physiological processes and contact with lipid surfaces can lead to an increase in the
rate of transfer of toxic oil components to aquatic organisms (Brown et al., 2001;
Gauthier et al., 2014). While, most of the oil toxicity has been attributed to the dissolved
phase organic contaminants such as the low molecular weight and more water soluble
PAHs due to their enhanced bioavailability (Sorhus et al., 2015), it has been hypothesized
that oil droplets may act as a reservoir of dissolved hydrocarbons which is constantly
replenishing the dissolved phase hydrocarbons into the aqueous media (Carls et al., 2008).
Thus, oil droplets could not only increase the bioavailability but also influence the
bioaccessibility of PAHs contained within the droplets.
Because of the natural complexity of crude oil, limited knowledge exists on the
behavior of individual compounds present in oil droplets in the water column in terms of
their dissolution rates and toxicity. Determining the dissolution behavior of these
relatively insoluble toxicants is based solely on the equilibrium of the organic compounds
between the oil droplet and aqueous phase or the oil droplet and a membrane (TirutaBarna et al., 2006). When exposed to both phases, the compounds will partition between
the phases based on their affinity for each. The affinity for each phase will depend on the
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solubility of the compound and from the octanol -water partitioning coefficient (Kow), as
compounds with high solubility will have a higher affinity for the aqueous phase than
compounds that are more hydrophobic. However, the solubility behavior of a compound
in a mixture may not be equivalent to the predicted solubility of the pure compound
(Sterling et al., 2003). Thus, the partitioning of compound i from a mixture can be
described by Raoult’s law, which states that the maximum aqueous phase concentration
(Ci) of a compound in a mixture is the product of the mole fraction of that compound in
the mixture (xi) and the solubility of the pure compound (Si) assuming an ideal mixture
(Poulsen et al., 1992)
Ci = xiSi

(2)

Understanding the dissolution of PAHs is critical for assessing exposure or
contaminant toxicity to aquatic organisms. It is of great importance to measure the
effects of not only single PAHs but different PAH mixtures as it has been suggested that
PAH mixtures could show systematic effects (Engraff et al., 2011). Smith et al. (2013)
also demonstrated that the individual toxicity of selected PAHs (anthracene, chrysene and
benzo(a)pyrene) resulted in limited or no response, while binary and tertiary mixtures
resulted in significant acute toxicity to Daphnia magna.
The proper testing of contaminants is important for proper risk assessment,
therefore new dosing systems for aquatic toxicity is a necessity. Thus, in this study we
describe a novel dosing mechanism to study the chemical behavior of single or mixed
PAHs of concern directly from binary systems (droplet dispersions). This paper first
describes and characterizes the generation of oil water dispersions (OWDs) using a
synthetic oil prepared exclusively from hydrocarbons and different amounts of individual
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and mixed PAHs for which the complete composition of the material is known. Secondly,
the use of micron-size droplets as the delivery system was assessed for rapid dissolution
and establishment of aqueous phase equilibrium for several individual PAHs. Lastly, the
application of the system was tested with a PAH mixture that resembled an actual crude
oil.
3.2

Experimental

3.2.1

Materials and reagents
N-alkanes (C7-C25) and Pristane were obtained from different suppliers at 96+%

purity.

The

following

PAHs

were

used:

naphthalene

(99%,

Aldrich),

2-

methylnaphthalene (95-97%, Acros), 2,6-dimethylnaphthalene (99%, Ultra Scientific),
fluorene (98%, Acros), phenanthrene (99.5%, Aldrich), dibenzothiophene (98%, Aldrich),
4-methyldibenzothiophene (96%, Aldrich), 4,6-dimethyldibenzothiophene (95%, Acros),
pyrene (99%, Sigma) and chrysene (98.3%, Fluka). Unweathered Mississippi Canyon
252 (MC252) crude oil collected on August 15th, 2010 from the Oil Barge Massachusetts
during the Deepwater Horizon (DWH) incident was provided by BP (BP Exploration &
Production Inc.). Artificial filtered saltwater (pore size: 0.45µm, salinity=33psu) was
prepared with Instant Ocean® (Aquarium Systems, Mentor, OH) and used to generate the
dispersions.
3.2.2

Preparation of mixtures
A multicomponent mixture consisting of pure alkanes (C7-C25) and an isoprenoid

(Pristane) was prepared by mixing equimolar volumes of the alkanes normalized to C7.
The heavier molecular weight alkanes (C18-C25) that were either in a wax or crystallized
form were added directly to the mixture and allowed to dissolve by vigorous mixing. This
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mixture served as the surrogate or synthetic Alkane Oil (AO) matrix. Single PAHs
(fluorene, pyrene and chrysene) were mixed with the AO at different concentrations. In
addition, an AO solution containing 10 PAHs was prepared at concentrations similar to
the ones measured for the Macondo crude oil. The concentrations of the PAHs in the
Macondo oil were obtained from the public database at www.gulfofdatabase.com and are
included in appendix 3 for further reference.
3.2.3

Analysis of mixtures by GC-FID and GC-MS
The distribution of the alkanes in the AO was characterized with a Thermo Trace

1310 gas chromatography-flame ionization detector (GC-FID) fitted with an Rxi®-5Sil
fused silica capillary column (30 m x 0.25 mm x 0.25 µm). A sample volume of 2 µl was
injected in splitless mode into the instrument. The inlet temperature was held at 325°C,
while the initial oven temperature was held at 40°C, then raised at a rate of 7.5°C/min to
215°C followed by a second raise at a rate of 10°C/min to 320°C and held constant for 13
minutes. The carrier gas was set at a constant flow rate of 2.4 mL/min. The
characterization of the AO mixtures prepared with the single and mixed PAHs was
performed by gas chromatography-mass spectrometry (GC-MS) following the analytical
method previously described in section 2.2.10.
3.2.4

Preparation of dispersions
Droplet dispersions of known concentrations and droplet size distributions (DSDs)

were generated using an oil droplet generator system previously described by Nordtug et
al. (2011a). Briefly, the AO gets pumped through the inlet of a series of chambers with
connecting nozzles into a flow of filtered saltwater which moves through the chambers
creating turbulent mixing. The saltwater flow rate was adjusted to 160 ml/min in order to
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produce droplets with sizes of 10 µm in diameter. The AO loading was set to 22 µl/min
in order to produce a theoretical oil concentration of approximately 100 mg/L based on
an AO density of 0.74 g/mL. The AO was formulated to represent a light oil with an
average density of 0.7-0.8 g/mL. Oil water dispersions (OWDs) and water soluble
fractions (WSFs) were generated with the different mixtures containing the individual
PAHs in AO, the PAH mixture in AO and the Macondo crude oil. For the dispersions
generated with the Macondo crude oil, the oil loading was adjusted to 18 µl/min in order
to account for difference in the oil density (0.83 g/mL). WSFs were created by filtering
the droplet dispersions under mild vacuum using a tandem system of filters GFD/GFF
(pore size of 3.5 µm followed by pore size 0.7 µm) and a large amount of loosely packed
glass fiber to retain the droplets before they reach the filter surface to prevent droplet
breakthrough.
3.2.5

Physical characterization of dispersions
Samples were collected immediately after preparation and characterized for DSD,

oil concentration, and the qualitative assessment of both dissolved fractions and
particulate phase using the characterization methods detailed in sections 2.2.6, 2.2.7, and
2.2.8. Briefly, droplet concentrations and size distributions were measured using a
Coulter Counter Multisizer 4 (Beckman-Coulter Inc., Miami, FL) equipped with an 100
µm size aperture which allowed particle sizing within the range of 2-60 µm. An IX71
epi-fluorescence inverted microscope (Olympus, Center Valley, PA) was utilized to
characterize the individual droplets in the dispersion by capturing both bright field and
fluorescence images. A Fluoromax-4 scanning spectrofluorometer (Horiba Jobin Yvon
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Inc.) was used to acquire excitation-emission matrix (EEM) spectra in order to monitor
the dissolved versus droplet phase of the dispersions.
3.2.6

Chemical characterization of dispersions
In order to quantify the concentrations of PAHs, samples were collected

(approximately 300 mL each) and reserve for liquid-liquid extraction and analyzed by
GC-MS as previously described in sections 2.2.9 and 2.2.10. WSFs prepared with single
PAHs (fluorene, pyrene and chrysene) were measured by utilizing an online SPE-LCAPPI-MS/MS method described by Ramirez et al. (2014) where samples did not require
the extraction process and results were obtained in a faster time compared to the GC-MS
method.
3.3
3.3.1

Results and Discussion
Characterization of the Alkane Oil (AO)
The GC chromatogram shown in Figure 15 shows the distribution of the alkanes

in the AO. The labeled peaks correspond to the added internal standards which are as
followed:

Dodecane_d26,

Hexadecane_d34, Eicosane_d42,

Androstane

and

p-

terphenyl_d14. The n-alkanes (C7-C25) were chosen as the backbone of the synthetic oil
because of their negligible solubility ensuring that the alkanes within the droplets would
not partition into the water phase but remain in the droplet phase. Such process mimics
the mechanism of oil droplets that are formed with an actual oil, as those oil droplets
mostly contained insoluble compounds. In addition, the AO is representative of the
alkanes that are abundantly present in many crude oils or petroleum products.
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p-terphenyl_d14

Androstane

Eicosane_d42

Hexadecane_d34

Dodecane_d26

Figure 15: Chromatogram of the Alkane Oil (AO) obtained by GC-FID showing the distribution of the alkanes and labeled internal
standards.
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3.3.2

Droplet characterization of the oil water dispersions (OWDs) prepared with
the Alkane Oil (AO) containing pyrene
In order to test the dissolution and equilibration of individual polycyclic

aromatic hydrocarbons from AO droplets into the aqueous media, it was important to first
successfully generate OWDs with the AO containing both the right droplet size
distributions and the correct amount of a selected PAH. Pyrene was selected as the first
test substance due to its limited solubility and its persistence in marine and estuarine
environments at low concentrations in the ppb-ppt range (Almeida et al., 2012). Solutions
of pyrene mixed with AO were prepared at 5 nominal concentrations between 163 to
1855 mg/L (Table 3).
The oil droplet generator system was chosen because of its ability to prepare
dispersions of consistent droplet sizes and reproducible concentrations using crude oils
with densities between 0.83 to 0.9 g/mL (Brakstad et al., 2015; Hansen et al., 2012;
Nordtug et al., 2011a; Nordtug et al., 2011b). The system was set to generate dispersions
of approximately 10 µm median droplet sizes with theoretical oil concentration of 100
mg oil/L of saltwater for a series of OWDs containing increasing amounts of pyrene in
the AO. Droplet characterization using a Coulter Counter particle analyzer was
immediately performed for each of the OWDs in order to demonstrate the generation of
droplets and to determine both the DSDs and oil concentration. The results are shown in
Table 3, the DSD and oil concentrations were in good agreement between the theoretical
and the measured values with averages of 9.17 µm and 107 mg/L, respectively.
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Table 3: Characterization of oil water dispersions containing pyrene
Concentration of
Measured concentration of
pyrene in AO (mg/L)a AO in dispersion (mg/L)b

Nominal concentration of total
pyrene in dispersion (µg/L)c

Droplet size distribution
(µm)d

163
100 ± 6.1
21.9 ± 1.41
9.03 ± 0.17
489
105 ± 1.2
69.3 ± 0.92
8.89 ± 0.07
827
110 ± 4.7
123 ± 4.24
9.06 ± 0.04
1103
107 ± 3.9
160 ± 6.36
9.51 ± 0.15
1855
114 ± 14
268 ± 35.3
9.35 ± 0.14
a
b,d
Nominal concentrations of pyrene in the AO. Measured concentration of AO in the
dispersions and DSDs were obtained from Coulter Counter analysis. cNominal
concentration of total pyrene in dispersions was calculated from the concentration of AO
in the dispersion and the concentrations of pyrene in AO.
Evidence of the presence of droplets was obtained by optical and fluorescence
microscopy. The UV epi-fluorescence illumination unit containing a band pass excitation
filter of 330-385 nm was used to account for the presence of pyrene in the droplets as
pyrene has a high quantum yield and fluoresces in the blue-violet region of the spectrum
(335 nm) (Zhang et al., 2004). Figure 16 shows the microscope images of the dispersed
droplets containing three different concentrations of pyrene in the AO in bright field (top)
and UV fluorescence illumination (bottom). The bright field images clearly depict the
presence of AO droplets in all the dispersions, while the fluorescent images confirm that
increasing the concentration of pyrene in the AO leads to an increase in the fluorescence
of the dispersed droplets. This behavior can be clearly explained by the physio-chemical
properties of pyrene, a four-ring PAH, with a relatively high log Kow value of 4.95 that
is sparingly soluble in seawater (Brown et al., 2001). Due to its limited solubility, only a
small portion of pyrene will equilibrate with the aqueous phase leaving a large portion of
the pyrene in the AO droplets. These results clearly confirm both the successful
generation of dispersed droplets composed of the AO and the presence of pyrene in the
droplets.
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a)

c)

b)

Figure 16: Microscope images of Alkane Oil (AO) droplets for three concentrations of pyrene in the AO at a) 163 ppm b) 827 ppm
and c) 1855 ppm in bright field (top) and UV fluorescence illumination (bottom). The inlet images are zoomed in of the droplets
corresponding
to
the
droplets
that
are
circled
in
the
bright
field
images.
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3.3.3

Fluorescence characterization of water soluble fractions (WSFs) and oil
water dispersions (OWDs) containing pyrene
Due to the unique fluorescence spectral features of PAHs, EEM

fluorescence spectroscopy was used to monitor pyrene directly from the aqueous
solutions without further sample manipulation. EEMs expressed as contour plots are
shown in Figure 17 for one of the mid-range AO-pyrene mixtures (827 ppm) for both
preparations containing droplets (OWD) and the solution consisting of only the dissolved
fraction (WSF). Figure 17 (top) clearly depict the reduced fluorescence signature of
pyrene in the WSF centered at an Ex/Em of 335/370 nm, while the OWD (Fig.17, bottom)
exhibit strong fluorescence intensity signals spanning over a wider range of emission
wavelengths from 400-530 nm which could be attributed to the presence of undissolved
pyrene in the droplet phase. A similar emission spectrum for pyrene in aqueous solutions
has been previously reported by Xie et al. (2007).
These findings suggest that the alkane oil matrix does not alter the fluorescent
spectral characteristics of pyrene in aqueous solutions but acts in a similar fashion as a
crude oil droplet. However, the fluorescence signatures will be highly dependent on the
quantum yield of the individual PAHs. Thus, PAHs which have a low quantum yield may
be hard to examine by fluorescence spectroscopy. In such case, the difference between
the dissolved and droplet phase will be hard to distinguish at lower concentrations of the
PAH in the Alkane Oil. Additionally, in the case of a mixture of PAHs in the AO the
fluorescence characteristics of each individual PAH may not be able to be determined.
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Figure 17: Contour plots for the filtered WSF (top) and unfiltered OWD (bottom) for
dispersions prepared with AO-PYR(827 ppm). The diagonal red lines are due to first and
second order Rayleigh scattering produced by the instrument and not related to the data.
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Additionally, the fluorescence response of individual PAHs at their corresponding
Ex/Em wavelengths maxima can be plotted against increasing concentrations of the PAH
in order to estimate concentrations in the aqueous phase. This could be used to evaluate
the potential loss of the PAH during toxicology testing or to determine the ratios between
the dissolved and droplet phase in almost real time. For example, the fluorescence
intensity of pyrene at Ex/Em (335/370 nm) was plotted against increasing concentration
values of pyrene and a linear trend was observed for the WSF (r2= 0.99) as shown in
Figure 18A. However, due to fluorescence quenching and self-absorption the trend
deviated from linearity for the OWD (Fig. 18B) at concentrations higher than 827 mg/L
of pyrene in the AO or an equivalent of 123 µg/L of total pyrene in the dispersion. This
shows that fluorescence response could be used as an alternative to monitor PAHs based
on their fluorescence characteristics in a well-defined system such as the one described in
this study.
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Figure 18: Relationship between the fluorescence intensity and concentration of pyrene in
AO for the WSF (A) and OWD (B). Solid line is linear regression and dashed line is ± 95%
confidence limits.

3.3.4

Chemical characterization of oil water dispersions (OWDs) prepared with
the Alkane Oil (AO) containing Pyrene
Based on the measured concentrations of pyrene in the AO and the concentration

of AO in the dispersions, the nominal concentrations of total pyrene in each of the
dispersions were calculated and shown in Table 3. The measured concentrations of total
pyrene, sum in both dissolved and droplet phase, for all the OWDs were obtained by
processing the samples by liquid-liquid extraction and analyzing the extracts by GC/MS.
The measured concentrations of total pyrene were compared to the nominal
concentrations of total pyrene in the dispersions as shown in Figure 19. The results
showed that the measured concentrations were fairly consistent with the nominal
concentrations of total pyrene for the dispersions that contained lower amounts of pyrene
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in the AO (3% RPD) and an increase in deviation was observed at higher concentrations
of pyrene in the AO (up to 34% RPD). This may be explained by the potential removal of
droplets from the system by attachment to the sample container walls during sample
processing. The removal of droplets that contained higher pyrene content (1855 mg/L of
pyrene in AO) will impact the measured concentration much more than the removal of

Total aqueous concentration of pyrene ( g/L)

droplets containing lower amounts of pyrene (163 mg/L of pyrene in AO).

300

Measured concentration
Predicted concentration

250
200
150
100
50
0
163

489
827
1103
1855
Concentration of pyrene in AO (mg/L)
Figure 19: Comparison between the measured and predicted concentration of total pyrene
(sum in both dissolved and droplet phase) for the dispersions prepared with different
amounts of pyrene in the AO.
3.3.5

Dissolution and equilibration of individual polycyclic aromatic hydrocarbons
(PAHs) from the AO droplets into the water phase
The dissolution of compounds from the AO droplets into the water phase is a

complex process that involves a series of interactions between the hydrocarbon molecules
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that are non-polar and the surrounding water molecules which are polar (Lehr et al.,
2010). Based on the common rule of “Like Dissolves Like”, polar molecules will
dissolve in water, while the non-polar molecules will remain in the Alkane Oil. Mid
molecular weight PAHs are sparingly soluble and thus they can partition from the oil
droplets into the water phase until equilibrium is reached between both phases.
Furthermore, according to Raoult’s law the dissolved aqueous concentration of
compounds in a mixture depends on the aqueous solubility of each of the compound and
their mole fraction. To confirm Raoult’s law, the aqueous concentrations for fluorene,
pyrene and chrysene were measured at increasing mole fractions in the AO as shown in
Figure 20. As expected, a good linear relationship was observed as an increase in mole
fraction in the AO resulted in a proportional increase in the aqueous concentrations.
It is important to point out that even though equilibrium between the droplet and
dissolved phase was reached; the concentrations observed in the aqueous phase were all
below the compounds predicted solubility. Furthermore, the effect of aqueous solubility
on the dissolved aqueous concentrations of the PAHs was examined by calculating the
ratios (expressed as percentages) of the dissolved aqueous concentrations versus the bulk
concentrations of the PAHs in the dispersion. Fluorene which is fairly soluble in water
dissolved between 13.1-16.7 % of its predicted solubility with an average of 14.7%,
followed by pyrene (2.06-2.49%, average of 2.23 %) and lastly chrysene (0.5-0.7%,
average of 0.6%). These results are in agreement with Raoult’s law, indicating ideal
behavior for these compounds mixed individually with the AO.
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Figure 20: Dissolved aqueous phase concentrations versus increased mole fraction in the
Alkane Oil (AO) for fluorene (top), pyrene (middle) and chrysene (bottom).
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Furthermore, using 10 µm droplets lead to rapid dissolution and establishment of
aqueous phase equilibrium between the dissolved and oil droplets as the percentages
between the dispersions for each particular PAH were fairly consistent even when
prepared at different times. This is in agreement with Mackay and Leinonen (1975) who
demonstrated that dissolution from droplets smaller than 100 µm was very rapid with
dissolution rates highly dependent on the surface area of the droplets. Thus, dissolution
from 10 µm droplets with large surface areas such as the ones prepared in this study
resulted in an almost instant equilibrium for the PAHs since they were within their
solubility limit.
To corroborate that the difference in solubility of the target PAHs was solely
based on their corresponding Kow value, the mole fraction of each compound was kept
constant in the AO and their resulting dissolved aqueous phase concentrations were
measured and compared as shown in Figure 21. As expected, the dissolved concentration
(LogS) of the PAHs was linearly related to Log Kow confirming that partitioning
between the water and droplet phase can be explained in terms of the PAH’s Kow value.
PAHs with low Kow will be less lipophilic and more soluble in water than higher Kow
PAHs (Viaene et al., 2014).
As shown in this study, using micron-size droplets as a dosing platform was
successful for the creation of exposure media containing individual PAHs at consistent
and predictable concentrations. This delivery system is particularly useful for applications
in the assessment of aquatic toxicology. Alternative methods used to introduce sparingly
soluble compounds into aqueous solutions often use cosolvents such as methanol, ethanol
or DMSO to modify the bioavailability of the compound in the test (Kwon and Kwon,
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2012). Kwon and Kwon (2012) found an increase in aqueous solubility for 8 specific
PAHs with increase in small volume fraction (0.2-2%) of 3 different cosolvents (DMSO,
ethanol and acetone). Even though the mole fraction of the cosolvent is extremely small
in comparison to the water, the use of carrier solvents for toxicant delivery can have
potential confounding effects for toxicology tests. However, the micron-size droplets
composed of n-alkanes which are insoluble in water would not increase the solubility of
the PAHs in the aqueous phase, can be removed by filtration, and offer a more
representative matrix for oil test studies.
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Figure 21: Comparison of Log S versus log Kow at constant mole fraction of the
individual PAHs in the AO.
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3.3.6

Characterization of PAH mixture-AO and a well-studied crude oil
In order to further demonstrate the applicability of the described dosing system,

the AO was mixed with 10 different PAHs at nominal concentrations that were similar to
the ones found for the MC252 Macondo light sweet crude oil released during the
deepwater horizon (DWH) incident (see section 3.2.1). The measured concentrations of
the PAHs in both the AO and the Macondo oil were compared and found to agree well
with each other. The detailed chemical composition of the PAHs is listed in appendix 3.
Oil water dispersions (OWDs) and water soluble fractions (WSFs) were prepared with
both oils and the concentrations of the PAHs measured in both the particulate and
dissolved phase are presented in Figure 22. The results indicate that the majority of the
PAHs showed similar concentrations in both the particulate and dissolved phase for both
oils with the exception of naphthalene, C2-naphthalene and phenanthrene. The difference
may arise from having slightly higher concentrations of those PAHs in the prepared AO
as opposed to the Macondo oil (appendix 3). 2,6-dimethylnaphthane was chosen to
represent the family of C2-naphthalenes in the AO, however the Macondo oil contains a
wider range of di-methylated naphthalenes’ such as 1,3-dimethylnaphthalene, 1,6dimethylnaphthalene, etc. Even though, 2,6-dimethylnaphthalene was added to the AO at
concentrations similar to the measured concentration of C2-naphthalene in the Macondo
oil, the contribution of the other di-methylated naphthalenes’ in the Macondo oil could be
a reason for the higher concentrations measured in both the particulate and dissolved
phase.
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Figure 22: Distribution of the concentration of PAHs in both particulate and dissolved
phase for the Macondo source oil and the alkane oil.
When assessing the potential risk of complex mixtures such as petroleum
products, aquatic toxicity is often predicted from solubility models which use Raoult’s
law assuming ideal behavior to estimate the aqueous-phase concentrations of the different
components present in the mixture (McGrath et al., 2005). Important parameters for the
applicability of the solubility model include the proper determination of the
physicochemical properties of the components present in the mixture which are often
calculated from the SPARC model (Redman et al., 2012a). In addition, the average
molecular weight (MWav) of a crude oil mixture is an essential parameter for the proper
determination of the mole fraction of the individual constituents, thus the value needs to
be accurate in order for a correct prediction of the dissolved phase concentrations (Kang
et al., 2014). Chemical characterization is the limiting factor in obtaining an accurate
MWav for crude oils and the MWav is often estimated by doing a best-fit of the empirical
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data to the predicted solubility (Kang et al., 2014). The implications of using either an
estimated MWav or a best fit MWav may lead to erroneous prediction of the aqueous
phase concentrations and interpretation of the exposure media data. The creation of the
AO gives the opportunity to investigate the importance of the MWav value in the
solubility model.
Because all the components in the PAH-AO mixture are known, a MWav of 173
g/mol for the AO was calculated and it was used to calculate the mole fractions used for
predicting the aqueous phase concentrations based on Raoult’s law. The measured
aqueous phase concentrations of the PAHs in the WSFs prepared with the PAH-AO
mixture was compared to the predicted aqueous phase concentrations and shown in
Figure 23. The results indicate that the predicted values agree very well with the
measured ones for the 2-ring and 3-ring PAHs within a factor of 2 with the exception of
two PAHs (fluorene and phenanthrene). The discrepancy between the predicted and
measured values for those particular PAHs may be due to errors in the prediction of the
subcooled liquid solubility which is predicted from the SPARC model and can affect the
predicted aqueous phase concentration. For example, Kang et al. (2014) reported an
aqueous solubility of 0.82 mg/L for phenanthrene while Liu et al. (2013) reported an
aqueous solubility of 1.18 mg/L. Clearly, these parameters which are essential for the
proper calculation of the predicted aqueous concentrations have to be further validated
with experimental work. The large deviations for the 4-ring PAHs (pyrene and chrysene)
shown in Figure 23 and 24 are likely due to the presence of stable droplets with sizes that
were below the optical detection limit of the microscopy method (Redman et al., 2012a).
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The solubility model reported for a WAF preparation showed similar deviations for the
larger molecular weight PAHs as observed in this results (Redman et al., 2012a).
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Figure 23: Predicted versus measured dissolved phase concentrations of PAHs present in
the water-soluble fractions (WSFs) prepared with the Alkane Oil. The 2-ring aromatics
are shown as (▲), 3-ring PAHs (●) and 4-ring PAHs (■). The solid and dashed lines
indicate 1:1 and 2:1 or 1:2 lines, respectively.

Additionally, the solubility model was fitted with the data obtained for the WSF
prepared with the Macondo oil. Since the MWav of the Macondo sweet light oil has not
been reported in the literature, the predicted aqueous phase concentrations were
calculated using an estimated MWav (187 g/mol) reported for a neat Alaskan North Slope
oil (Redman et al., 2012a) which is shown as the 1:1 dashed line and a best fit MWav (272
g/mol) which is presented as the 1:1 solid line (Fig. 24). Clearly, using a MWav of 187
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g/mol for the Macondo oil underestimated the predicted values, as the majority of the
values were not within the dashed line. The MWav of the Macondo oil was estimated by
comparing the measured versus the predicted concentration of the PAHs so the predicted
values would be more consisted with the measured concentrations. Using the estimated
MWav of 272 g/mol resulted in an increase fit for the model as the measured
concentrations were closer to the 1:1 solid line (predicted values) with the exception of
the high molecular weight components due to the possible presence of small droplets that
were not detected by microscopy method.

Predicted Concentration ( g/L)

1000

100

10

1

0.1

0.01

0.001
0.001

0.01

0.1

1

10

100

1000

Measured Concentration ( g/L)

Figure 24: Predicted versus measured dissolved phase concentrations of PAHs measured
from the water soluble fractions (WSFs) prepared with the Macondo source oil. The solid
line indicate the 1:1 line calculated using the MW=187 g/mol and the dashed line indicate
the 1:1 line calculated using the best-fit MW= 272 g/mol.
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The presented results demonstrated the usefulness of the synthetic Alkane Oil
mixture to conduct experiments to simulate complex multicomponent PAHs that are
often encounter in environmental settings. The advantage of using this synthetic PAH-AO
mixture to represent petroleum products is been able to design and manipulate its exact
chemical composition. Petroleum is a very complex mixture containing hundreds if not
thousands of unknown compounds which makes it extremely difficult to fully
characterize. Asphaltenes and resins are the heaviest constituents in crude oil and contain
polar compounds that are highly soluble in water and are hard to identify and quantify
(Speight, 2004). These polar components can significantly affect the mole fraction of the
oil and they are often not taken into account when assessing toxicity.
In order to determine the toxicity from a chemical mixture, the concentrations of
all the components in that mixture needs to be measured not only because each of the
components can be a potential contributor to the total toxicity but also because they can
affect the bioavailability of the other components. This is especially important when
expressing toxicity in terms of toxic units (TU) as it has been demonstrated that the total
toxicity from a mixture is additive and dependent on the aqueous concentration of each of
the components in the mixture in equilibrium with the solution (Di Toro et al., 2007).
The methodology described in this work is ideal to account for exposures to a mixture of
hydrocarbons of known chemical composition and whose TU can be accurately predicted
so results in toxicological studies can be more comparable and reproducible.
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3.4

Conclusion
The use of micron-size droplets prepared with a synthetic Alkane Oil containing

individual and a mixture of PAHs was successfully developed and tested in order to
deliver known aqueous concentrations of toxicants of concern into the aqueous media.
This delivery system represents an innovative method for the successful establishment of
rapid dissolution and equilibration of different compounds and can be used as a dosing
platform for toxicology studies. Raoult’s law was used to demonstrate that dissolution of
PAHs from droplets into the water column is governed by the compound’s mole fraction
and aqueous solubility as an increase in molar fraction resulted in a proportional increase
in the dissolved aqueous concentration. As expected, when the mole fraction of the
individual PAHs in the AO was kept constant, the dissolved aqueous concentration only
depended on the aqueous solubility of the individual PAH as described by the compounds
log Kow.
In addition, the results also point out the importance of an accurate determination
of MWav for the proper calculation of the predicted aqueous phase concentrations from
complex mixture such as crude oils. This study is also the first to estimate the MWav for
the source Macondo oil (272 g/mol) which can be used by others to establish solubility
plots. Clearly, this methodology has multiple applications in toxicological studies from
assessing the toxicity of oil droplets alone or to determine the bioavailability of dissolved
components. Future studies will focus on applying this method to study the
photochemical evolution of individual PAHs from AO droplets.
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4

Conclusion

This research demonstrated how important and useful it is to conduct a
comprehensive physical and chemical characterization of oil water mixtures used for
toxicology testing. First, a combination of simple methods were developed and applied
in order to characterize and quantify the droplet size distribution of the different oil water
dispersions. UV-epi fluorescence microscopy offered solid evidence of the presence or
absence of droplets and the coulter counter complemented the characterization of droplets
to determine oil droplet distribution based on volume and to produce a semi-quantitative
determination of oil concentration and loading verifications in real time. EEMs by
fluorescence spectroscopy was also shown to be a reliable and effective method to get a
quick estimation of concentration of bulk oil and to further establish the presence of
droplets. Droplet size distribution was influenced by the method used to prepare the oil
water mixtures and also by the type of oil and weathering degree. Larger droplets were
formed with high energy preparations in comparison to the chemically-enhanced
dispersions for the oil water mixtures prepared with the source oil. It was also
demonstrated that droplet sizes were an important parameter for the stability of the
dispersions, as oil water mixtures that contained smaller droplet sizes were significantly
more stable.
Secondly, different oil water mixtures prepared by using well-established and new
methodologies were compared based on their chemical composition and stability. More
than 15 years ago, Singer et al. (2000) described a standardized protocol for the
preparation of exposure media (WAFs and CEWAFs) so that toxicology data can be
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more comparable. The clear advantages of WAF preparations reside in the separation of
the dissolved components of a complex environmental mixture as oil, their well-known
behavior and preparation protocols and their accurate representation of bioavailable
fractions of weathered materials through their environmental evolution. CEWAF
preparations introduce additional confounding factors such as the presence of a chemical
dispersant but are an appropriate representation of conditions encountered during spill
response and cleanup efforts. Alternatively, new novel techniques for the preparation of
OWDs using the pressurized fluid injection system were proven to be successful and may
complement CEWAFs as the basic process to produce dispersions containing oil droplets.
However, due to the higher viscosity of weathered oils and the loss of dispersibility,
additional energy is required to produce oil-water dispersions containing entrained
insoluble portions of the test material. The high–energy mixing methods (HEWAFs and
SHEWAFs) using standardized mixing equipment were proven useful for the preparation
of oil water dispersion with weathered oils. However, it was demonstrated that at typical
loading ratios of 1:1000 (1g/L) all high energy preparations were unstable and suffered
from significant losses during the first 24 hour unless the oil loadings were significantly
reduced and thus they need to be carefully monitored when used in toxicology studies.
Lastly, an Alkane Oil was used as a surrogate of an actual oil in order to prepare
oil water dispersions with consistent droplet sizes. The composition of the alkane oil was
manipulated by adding single and mixed PAHs at different concentrations in order to
study their dissolution from micron-size droplets. The characterization of oil droplets
containing increasing amounts of pyrene showed an increase in fluorescence in the
droplet phase by examination in both the epi-fluorescence microscope and EEMs
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obtained by the spectrofluoremeter. The dissolution of PAHs from the droplets was
governed by raoult’s law as predicted and was highly dependent on the mole fraction and
solubility of the PAHs (described in terms of its Kow). This dosing mechanism was
proven successful for the generation of oil water dispersions and could be used to
produce exposure media that could isolate the potential contributions of physical and
chemical effects as well as target the specific appropriate mechanisms of actions exerted
by PAHs.
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APPENDICES
Appendix 1: Abbreviations of PAHs
Group
Compound
2-3 Ring PAHs

Naphthalene
C1-Naphthalenes
C2-Naphthalenes
C3-Naphthalenes
C4-Naphthalenes
Biphenyl
Acenaphthylene
Acenaphthene
Fluorene
C1-Fluorenes
C2-Fluorenes
C3- Fluorenes
Anthracene
Phenanthrene
C1- Phenanthrene/anthracenes
C2- Phenanthrene/anthracenes
C3- Phenanthrene/anthracenes
C4- Phenanthrene/anthracenes
Dibenzothiophene
C1-Dibenzothiophenes
C2-Dibenzothiophenes
C3-Dibenzothiophenes
C4-Dibenzothiophene

Abb.
N0
N1
N2
N3
N4
BPH
AY
AE
F0
F1
F2
F3
AN
P0
P1
P2
P3
P4
DBT0
DBT1
DBT2
DBT3
DBT4

Group
4-6 Ring PAHs

Other PAHs

95

Compound
Fluoranthene
Pyrene
C1-Fluoranthene/Pyrene
C2-Fluoranthene/Pyrene
C3-Fluoranthene/Pyrene
C4-Fluoranthene/Pyrene
Benzo[a]Anthracene
Chrysene/Triphenylene
C1-Chrysenes
C2-Chrysenes
C3-Chrysenes
C4-Chrysenes
Benzo[b/j]fluoranthene
Benzo[k]fluoranthene
Benzo[e]pyrene
Benzo[a]pyrene
Perylene
Indeno[1,2,3,-c,d]pyrene
Dibenzo[a,h]anthracene
Benzo[g,h,i] perylene
Carbazole

Abb.
FL0
PY0
FL1
FL2
FL3
FL4
BAA
C0
C1
C2
C3
C4
BBF
BJKF
BEP
BAP
PER
IDP
DBA
BZP
CAR

Appendix 2: Physical characterization for MASS WAF (left), CEWAF WSF (middle) and HEWAF WSF (right). EpiFluorescence microscope images showing no fluorescing entities (top) and EEMs of the preparations showing signals for the
soluble components only at ex = 280 nm / em=315 nm (bottom)
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Appendix 3: Concentrations of the listed PAHs for the natural source and alkane oil
Compound

Naphthalene(N0)
C1-Naphthalene(N1)
C2-Naphthalene(N2)
Fluorene(F0)
Phenanthrene(P0)
Dibenzothiophene(DBT0)
C1-Dibenzothiophene(DBT1)
C2-Dibenzothiophene(DBT2)
Pyrene(PY)
Chrysene(C0)

Concentration in
natural source oil
(mg/L)

Nominal
concentration in
alkane oil (mg/L)

Measured
concentration in
alkane oil (mg/L)

1462
1732
1215
123
613
46.7
142
201
12.8
43.9

1470
1710
1197
121
612
47.4
146
208
11.7
44.3

1515
1671
1185
121
672
56.7
141
207
13.5
44.1
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